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The Compact LInear Collider (CLIC) collaboration studies the possibility of building a multi-TeV
(3 TeV centre-of-mass), high-luminosity (1034 cm−2 s−1) electron-positron collider for particle physics.
The CLIC scheme is based on high-frequency (30 GHz) linear accelerators powered by a low-energy,
high-intensity drive beam running parallel to the main linear accelerators (Two-Beam Acceleration con-
cept). One of the main challenges to realize this scheme is to generate the drive beam in a low-frequency
accelerator and to achieve the required high-frequency bunch structure needed for the final accelera-
tion. In order to provide bunch frequency multiplication, the main manipulation consists in sending the
beam through an isochronous combiner ring using radio-frequency (RF) deflectors to inject and combine
electron bunches.
However, such a scheme has never been used before, and the first stage of the CLIC Test Facility 3
(CTF3) project aims at a low-charge demonstration of the bunch frequency multiplication by RF injec-
tion into an isochronous ring. This proof-of-principle experiment, which was successfully performed at
CERN in 2002 using a modified version of the LEP (Large Electron Positron) pre-injector complex, is
the central subject of this report.
The bunch combination experiment consists in accelerating in a linear accelerator five pulses in which
the electron bunches are spaced by 10 cm, and combining them in an isochronous ring to obtain one pulse
in which the electron bunches are spaced by 2 cm, thus achieving a bunch frequency multiplication of a
factor five, and increasing the charge per pulse by a factor five. The combination is done by means of
RF deflecting cavities that create a time-dependent bump inside the ring, thus allowing the interleaving
of the bunches of the five pulses. This process imposes several beam dynamics constraints, such as
isochronicity, and specific tolerances on the electron bunches that are defined in this report. The design
studies of the CTF3 Preliminary Phase are detailed, with emphasis on the novel injection process using
RF deflectors. The high power tests performed on the RF deflectors prior to their installation in the ring
are also reported. The commissioning activity is presented by comparing beam measurements to model
simulations and theoretical expectations. Eventually, the bunch frequency multiplication experiments are
described and analysed. It is shown that the process of bunch frequency multiplication is feasible with a
very good efficiency after a careful optimisation of the injection and RF deflector parameters. In addition
to the experience acquired in the operation of these RF deflectors, important conclusions for future CTF3
and CLIC activities are drawn from this first demonstration of the bunch frequency multiplication by RF
injection into an isochronous ring.

Re´sume´
La collaboration CLIC (Compact LInear Collider, collisionneur line´aire compact) e´tudie la possi-
bilite´ de re´aliser un collisionneur e´lectron-positon line´aire a` haute e´nergie (3 TeV dans le centre de
masse) et haute luminosite´ (1034 cm−2s−1), pour la recherche en physique des particules. Le projet CLIC
se fonde sur l’utilisation de cavite´s acce´le´ratrices a` haute fre´quence (30 GHz). La puissance ne´cessaire a`
ces cavite´s est fournie par un faisceau d’e´lectrons de basse e´nergie et de haute intensite´, appele´ faisceau
de puissance, circulant paralle`lement a` l’acce´le´rateur line´aire principal (proce´de´ appele´ “Acce´le´ration
a` Double Faisceau”). Dans ce sche´ma, un des principaux de´fis est la re´alisation du faisceau de puis-
sance, qui est d’abord ge´ne´re´ dans un complexe acce´le´rateur a` basse fre´quence, puis transforme´ pour
obtenir une structure temporelle a` haute fre´quence ne´ce´ssaire a` l’alimentation des cavite´s acce´le´ratrices
de l’acce´le´rateur line´aire principal. La structure temporelle a` haute fre´quence des paquets d’e´lectrons est
obtenue par le proce´de´ de multiplication de fre´quence, dont la manipulation principale consiste a` faire
circuler le faisceau d’e´lectrons dans un anneau isochrone en utilisant des de´flecteurs radio-fre´quence
(de´flecteurs RF) pour injecter et combiner les paquets d’e´lectrons.
Cependant, ce type de manipulation n’a jamais e´te´ re´alise´ auparavant et la premie`re phase de la
troisie`me installation de test pour CLIC (CLIC Test Facility 3 ou CTF3) a pour but la de´monstration a`
faible charge du proce´de´ de multiplication de fre´quence par injection RF dans un anneau isochrone. Cette
expe´rience, qui a e´te´ re´alise´e avec succe`s au CERN au cours de l’anne´e 2002 en utilisant une version
modifie´e du pre´-injecteur du grand collisionneur e´lectron-positon LEP (Large Electron Positron), est le
sujet central de ce rapport.
L’expe´rience de combinaison des paquets d’e´lectrons consiste a` acce´le´rer cinq impulsions dont les
paquets d’e´lectrons sont espace´s de 10 cm, puis a` les combiner dans un anneau isochrone pour obtenir
une seule impulsion dont les paquets d’e´lectrons sont espace´s de 2 cm, multipliant ainsi la fre´quence
des paquets d’e´lectrons, ainsi que la charge par impulsion, par cinq. Cette combinaison est re´alise´e au
moyen de structures RF re´sonnantes sur un mode de´flecteur, qui cre´ent dans l’anneau une de´formation
locale et de´pendante du temps de l’orbite du faisceau. Ce me´canisme impose plusieurs contraintes
de dynamique de faisceau comme l’isochronicite´, ainsi que des tole´rances spe´cifiques sur les paquets
d’e´lectrons, qui sont de´finies dans ce rapport. Les e´tudes pour la conception de la Phase Pre´liminaire du
CTF3 sont de´taille´es, en particulier le nouveau proce´de´ d’injection avec les de´flecteurs RF. Les tests de
haute puissance re´alise´s sur ces cavite´s de´flectrices avant leur installation dans l’anneau sont e´galement
de´crits. L’activite´ de mise en fonctionnement de l’expe´rience est pre´sente´e en comparant les mesures
faites avec le faisceau aux simulations et calculs the´oriques. Finalement, les expe´riences de multipli-
cation de fre´quence des paquets d’e´lectrons sont de´crites et analyse´es. On montre qu’une tre`s bonne
efficacite´ de combinaison est possible apre`s optimisation des parame`tres de l’injection et des de´flecteurs
RF. En plus de l’expe´rience acquise sur l’utilisation de ces de´flecteurs, des conclusions importantes pour
les futures activite´s CTF3 et CLIC sont tire´es de cette premie`re de´monstration de la multiplication de
fre´quence des paquets d’e´lectrons par injection RF dans un anneau isochrone.
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In the quest to understand the origin and ultimate fate of the Universe, mankind’s imagination and cre-
ation have no limits. Over the last century, particle accelerators have opened a way deep into the heart
of matter by exploring particle collisions under controlled conditions. Today, evidence suggests that all
known matter is made of a small number of different particles, held together by a few fundamental forces.
By colliding these particles at the highest possible energy, particle accelerators have become the ultimate
tool to study their properties and discover new building blocks of matter. By recreating in the laboratory
the conditions of the early Universe, they also help testing theories describing the behaviour of matter
during the initial instants after the Big Bang, the enormous expansion which gave birth to our Universe.
At the present stage of knowledge, the fundamental structure and behaviour of matter are described
within a theoretical framework called The Standard Model, which includes all the known basic particles
and their interactions through the basic forces, except gravity. Although this model is nowadays the
best description of the sub-nuclear world, there are important questions that the Standard Model cannot
answer, such as the origin of mass, the electroweak and strong forces unification, or new phenomena
such as neutrino masses or proton decay. These questions will soon drive particle physics into a new era
of experiments probing beyond the Standard Model, which requires even higher energies.
Theory indicates that there are good reasons to expect a wealth of new physics in the TeV range [1].
The first exploration of this energy range will be made with the Large Hadron Collider (LHC) [2, 3],
which is being built at CERN and will collide proton beams with a centre-of-mass energy of 14 TeV
in a circular accelerator. However, many open questions may best be addressed by a lepton-antilepton
collider, where all the centre-of-mass energy is available for the collisions and where the experimental
environment is cleaner [1]. The complementarity between hadron and lepton machines has indeed been
demonstrated in the past with the discovery at CERN of the W± and Z0 bosons in the Super Proton
Synchrotron (SPS) proton-antiproton collider and later, the detailed measurements of their properties
performed in the Large Electron-Positron (LEP) collider.
In the range of the TeV, circular lepton colliders would require a substantial amount of RF power
to compensate for the energy losses of the particles due to the synchrotron radiation. Although the
alternative of muon-antimuon colliders remains open and is studied as a long-term project, the accelerator
community nowadays considers the construction of a linear electron-positron (e+e−) collider. Various
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laboratories are involved in the studies of new generation of linear electron-positron colliders with centre-
of-mass energies between 0.5 TeV and 1 TeV [4]. However, the full complementarity with the LHC, as
well as the detailed study of supersymmetric particles would probably require a centre-of-mass energy
of 2 TeV or above [1].
1.1 The Compact LInear Collider (CLIC) Study
The Compact LInear Collider (CLIC) study team is developing the technology required to build a high-
energy (0.5 to 5 TeV centre-of-mass), high-luminosity (1034 cm−2s−1) e+e− linear collider [5, 6]. The
design is optimised for a centre-of-mass energy of 3 TeV, but the collider was thought as a modular
facility which could be built in stages, thus increasing the energy from 500 GeV up to 5 TeV. In the
CLIC concept, two major technological choices stand out against other linear collider studies:
• The high acceleration frequency of 30 GHz needed in order to have high accelerating gradients of
150 MV per metre, resulting in shorter linacs (hence lower costs).
• The Two-Beam Acceleration scheme in which the RF power used to accelerate the particles in the
main linac is extracted from a low-energy, high-intensity, high-frequency electron beam running
parallel to the main linac, and called drive beam. This scheme allows to produce efficiently high-
frequency, high-power RF in a cost effective way.
Figure 1.1 shows the overall layout of the CLIC complex at 3 TeV centre-of-mass. The main beam
generator complex is made of two sub-systems, dedicated to electron and positron production. Two
electron beams are produced by two different sources using laser systems coupled to photo-cathodes.
The first beam is used to produce positrons by sending 2 GeV electrons on a target, and the second
source generates the main electron beam. A sophisticated succession of linacs, damping rings and bunch
compressors allows to produce electron and positron beams with the required bunch length (35 µm rms)
and small normalised rms emittances (0.45 mm mrad in the horizontal plane and 0.003 mm mrad in the
vertical plane) at the energy of 9 GeV [6]. These main beams are transported to each end of the complex
where the 154 bunches of 4×109 particles each, with 20 cm between the bunches (1.5 GHz), are injected
into the main linacs.
Apart from the main beam injector complex, a drive beam generation complex is needed in order to
produce electron pulses with the required time structure for the RF power production (see Section 1.2
for details). These pulses are delivered parallel to the main beam linacs and decelerated in resonant
structures called Power Extraction and Transfer Structures (PETS), which extract the power from the
drive beams to accelerate the main beams.
The acceleration of the main beams is achieved in high-frequency (30 GHz), room-temperature,
travelling-wave structures. The frequency of 30 GHz is considered as the limit beyond which the ac-
celerating structures can no longer be manufactured economically using standard technologies. A con-
sequence of such a high RF frequency is the very small aperture of the cavities, which scales with the
frequency down to a few millimetres. A bunched beam going through such a small aperture linac will
deposit electromagnetic energy in the structures (wake-fields) that will act on subsequent bunches or on
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Figure 1.1: Overall layout of the CLIC complex at 3 TeV centre-of-mass energy.
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the same bunch. These effects generate instabilities and have deleterious effects on the beams that can
be minimised by a judicious choice of the beam and machine parameters [5, 7]. They anyway require
sophisticated and very precise active-alignment systems of the structures in the linacs [5].
Table 1.1 gives the general CLIC parameters optimised for the 3 TeV centre-of-mass energy config-
uration.
General Parameters
Energy (centre-of-mass) 3 TeV
Design luminosity 80×1033 cm−2s−1
Beam power/beam 14.8 MW
Total site length 33 km
Total site AC power 410 MW
Main Linac Parameters
RF frequency 30 GHz
Linac repetition rate 100 Hz
Initial energy 9 GeV
Acceleration gradient 150 MV/m
Bunch train length 0.1 µs
Number of accelerating structures/linac 22000 -
Number of drive beams/linac 22 -
Total two-linac length 28 km
AC to RF efficiency 40 %
RF to beam efficiency 21 %
AC to beam efficiency 8.5 %
Beam Parameters at Interaction Point
Total beam delivery length 5 km
Number of particles/bunch 4×109 -
Number of bunches/pulse 154 -
Bunch separation 0.67 ns
Transverse normalised rms emittance (hor./vert.) 0.68 / 0.01 mm mrad
β -function (hor./vert.) 6 / 0.07 mm
Transverse beam size rms (hor./vert.) 61 / 0.7 nm
Bunch length rms 35 µm
Energy spread rms 0.35 %
Table 1.1: Main parameters of the CLIC 3 TeV centre-of-mass energy e+e− linear collider.
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1.2 The CLIC Drive Beam and RF Power Source
One of the original ideas of the CLIC design is to use electron beams and not conventional RF sources in
order to obtain the needed high-power and short-length RF pulses [8, 9]. Classical high-power RF sources
have relatively low frequency (below 15 GHz) and the production of short, high-power RF pulses at high
frequency is intrinsically difficult. Indeed, in all the normal-conducting linear collider projects, RF pulse
compression is foreseen in order to solve this problem. However, when using electron beams, frequency
manipulations and pulse compression become possible on the beam itself, as well as an efficient beam
transport over long distances, with very small losses compared to standard RF networks. The goal of
the drive beam complex is therefore to transform several long, low-frequency electron pulses into short,
high-frequency, high-intensity pulses, later used to generate RF pulses. The key processes of the RF
power source in CLIC are the following:
• The efficient acceleration of the drive beam, in a normal-conducting, travelling-wave and low-
frequency linac using the fully-loaded mode where nearly all the RF energy (97%) is transferred
to the beam, and no RF power remains at the end of the structure.
Figure 1.2: Fully-loaded acceleration principle in the linac. The structure is short to minimise the losses
in the copper, and the beam current is high to extract nearly all the energy stored in the cavity in order to
operate with maximum beam-loading. Unlike standard travelling-wave linacs, there is no RF power out
of the structure and most of the energy stored in the cavity is transferred to the beam.
• The use of RF transverse deflectors to manipulate the electron beam in order to obtain the high-
frequency, high-charge, short pulses needed for 30 GHz RF production. The combination of two
electron beams by means of an RF deflector, also called funnelling, is schematically shown in
Figure 1.3. Two bunched beams, each of current I0 and with a bunch repetition frequency ν0,
arrive from two different orbits and enter the RF deflector with a given angle. Their bunches have
a delay, corresponding to half the wavelength of the bunch repetition frequency, with respect to
each other. In the deflector, the deflecting field varies at the frequency ν0, and the RF power
level is such that the deflection angle on the crest of the deflecting field corresponds to the angle
of the two beam orbits. One beam is deflected with a “positive” angle and the other one with a
“negative” angle, such that they travel on the same orbit at the output of the deflector. The bunches
of one beam have been interleaved in between the bunches of the other beam. The bunch repetition
frequency and the beam current have therefore been multiplied by two. This principle can also be
used in the opposite way to split a bunched beam.
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Figure 1.3: Schematic electron beam combination by RF deflectors (factor two).
• The use of several drive beam pulses in a counter-flow distribution into as many drive beam de-
celerator units along the main linac, which reduces the needed beam peak current and allows a
modular concept.
Figure 1.4 shows the conceptual layout of the CLIC RF power source and Figure 1.5 shows the
time structure evolution of the electron pulse along the complex. The energy for the RF production is
initially stored in a 92 µs long electron pulse, which is accelerated in a normal-conducting, low-frequency
(937 MHz) linac up to 2 GeV. The linac is powered by conventional klystrons and is operated in a fully-
loaded mode to optimise the energy transfer to the beam. The long electron pulse is in fact composed
of 32× 22 sub-pulses of 130 ns each that are going to be combined into 22 pulses with 32 times the
initial frequency and current using a delay loop and two combiner rings. The underlying principle for
the beam manipulations is the use of RF deflectors (see Figure 1.3 on page 8), which are resonant RF
cavities working on a deflecting mode.
The use of a long electron pulse in the linac is necessary to avoid beam-loading effects in the ac-
celerating cavities (energy extraction from the electromagnetic fields by the beam). Initially, the bunch
spacing in the electron pulse is 64 cm (corresponding to half the acceleration frequency). The first ma-
nipulation therefore consists in splitting the long electron pulse into 130 ns sub-pulses by creating 130 ns
gaps. This is done by means of two RF deflectors and a delay loop. At the same time, the bunch spacing
goes from 64 cm in the initial long pulse to 32 cm, hence the bunch frequency is multiplied by two, as
well as the pulse charge. The remaining 16×22 sub-pulses are sent into two combiner rings where, over
four turns, the frequency and the current are multiplied by four in each ring. In the injection region of
each ring, two deflectors create a time-dependent local deformation of the closed orbit in the ring. This
allows to interleave the bunches one behind the other. The circumference of the second combiner ring is
four times longer than the one of the first ring since the spacing between the sub-pulses was increased
by four after the combination in the first ring. At the end of the process, there are 22 pulses of 130 ns in
which the bunch spacing is reduced to 2 cm (compared to 64 cm at the beginning), and the average pulse
current is increased to 150 A (compared to 4.7 A at the beginning). The bunch frequency, given by the
bunch spacing inside each pulse, is therefore multiplied by 32, and the charge per pulse also.
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Figure 1.4: Conceptual layout of the CLIC RF power source. The numbers 1, 2, 3 and 4 refer to the four
different time structures detailed in Figure 1.5. Only one of the twenty-two accelerator units of the main
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4 22 Pulses - Average Pulse Current 37.6 A - 8 cm between Bunches
16 22 Pulses - Average Pulse Current 9.4 A - 32 cm between Bunches
4.16 µ s
22 Pulses - Average Pulse Current 150 A - 2 cm between Bunches
22 Sub-Pulses - Average Pulse Current 4.7 A - 64 cm between Bunches - 
Figure 1.5: Evolution of the drive beam time structure along the CLIC RF power source scheme. The
numbers on the left refer to the four positions in Figure 1.4. The number of bunches and the bunch
spacing inside each sub-pulse is only schematic.
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Eventually, the high-frequency, high-charge, short pulses are sent into the 22 decelerator units made
of 30 GHz structures. There, the drive beam is decelerated down to 0.1 GeV and the generated RF power
is transfered to the main beam running parallel to the deceleration units. The beam transport lines and
the distance between the pulses are chosen so that the pulses arrive at the appropriate time to accelerate
the high-energy main beams.
When upgrading to higher energies, the RF power source complex remains the same, independent
of the final beam energy, and only the initial drive beam pulse length changes. In addition, the Two-
Beam Acceleration scheme results in no active components such as modulators or klystrons in the tunnel
housing the linacs, which means a small size tunnel, easily extensible.
1.3 The Route to CLIC
It is foreseen to have a conceptual design report for CLIC as a next generation e+e− linear collider ready
in 2008. Meanwhile, since the CLIC study proposes innovative concepts, a series of test facilities is
necessary in order to demonstrate the feasibility of the key building blocks of the project.
1.3.1 CTF1
The first CLIC Test Facility CTF1 [10] assessed the technical feasibility of the generation of RF power
by a relativistic electron beam and its use for acceleration. The facility was operated at CERN from
1990 to 1995. A 3 GHz RF gun equipped with a laser-driven photo-cathode was producing a bunched
beam which was accelerated to a momentum of 65 MeV/c. The energy was extracted from this beam
by a 30 cm long travelling section to provide short, high-power 30 GHz RF pulses. This power was in
turn used to feed a second, identical structure to produce high accelerating gradients. The decelerated
beam was turned by 180◦ by bending magnets at the end of the line and re-accelerated in the second
high-gradient structure. The facility was operated at a repetition rate of 10 Hz with a charge of 35 nC in
single-bunch mode and 450 nC in a train of 48 bunches in multi-bunch mode. The maximum 30 GHz
RF power produced was 76 MW, and the highest average accelerating field in the second accelerating
structure was 94 MV/m.
1.3.2 CTF2
The second CLIC Test Facility CTF2 [11, 12] is a real two-beam accelerator, with separate drive and main
beams. This facility was operated at CERN from 1996 to the end of 2002. The drive beam is generated
by a 3 GHz RF gun equipped with laser-driven photo-cathode. It produces a train of 48 bunches with a
maximum charge of 755 nC which is accelerated to 40 MeV/c by two travelling-wave structures. After
compression in a magnetic chicane, the bunch train goes through four Power Extraction and Transfer
Structures (PETS). Each structure powers one 30 GHz accelerating structure with nominal 16 ns long
pulses. These structures are used to accelerate the main beam which is generated by a RF gun with a
photo-cathode and pre-accelerated to 45 MeV/c before entering the 30 GHz accelerating cavities. The
highest average accelerating gradients obtained are 120 MV/m with a 16 ns long pulse and 152 MV/m
with a 8 ns long pulse in a new tungsten-iris structure [13]. This was recently achieved in CTF2 after a
better understanding of the phenomena associated with high acceleration gradient, such as RF breakdown
and pulsed surface heating [14].
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Figure 1.6: Conceptual layout of CTF3 (nominal phase).
1.3.3 CTF3
The third CLIC Test Facility CTF3 [15, 16] was initiated in order to demonstrate the technical feasibility
of the key concepts of the CLIC RF power source: the bunch frequency multiplication scheme, the use
of RF deflectors for beam manipulation in a delay loop and a combiner ring and the operation with a
fully-loaded drive-beam accelerator. In the end, CTF3 will provide the CLIC nominal RF pulse that will
be used to test 30 GHz accelerating structures and other RF components at the nominal pulse length and
power. The construction of this facility is scheduled at CERN in different phases, over six years, starting
in 2001. In order to lower the costs, the facility is housed in the former LEP Pre-Injector (LPI) buildings,
and many of its components are used in the various phases of CTF3.
Figure 1.6 shows the conceptual layout of CTF3. In its nominal phase, CTF3 will produce 30 GHz
power with parameters close to the CLIC nominal parameters and will use all the main features of the
CLIC RF power source. However, some differences remain. The choice of the RF frequency of the
whole complex at 3 GHz (instead of 937 MHz for CLIC) was made with a view to using the existing RF
power plant of the former LPI for the drive beam acceleration. With ten existing klystron-modulators, the
beam can be accelerated to only 150 MeV (instead of 2 GeV for CLIC), which makes the beam operation
more difficult, though feasible. Specific structures with waveguide damping and detuning are necessary
in the linac to ensure a good beam quality during the acceleration. The bunch frequency multiplication
factor is reduced to 10 (instead of 32 for CLIC) to reach the required beam time structure. This is done
by multiplying the bunch frequency in one delay loop (factor two, as for CLIC) and in one combiner
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ring (factor five, instead of two combiner rings of factor four for CLIC). The second ring is not essential
since the combination scheme is exactly the same in both rings, and the combination principle can be
demonstrated in one ring only. Since the circumference of the ring cannot be made smaller than 84 m (for
civil engineering limitations in the existing buildings), the pulse length is increased to 140 ns (compared
to 130 ns for CLIC). To reduce shielding costs, the repetition rate is lowered to 5 Hz (instead of 100 Hz
for CLIC) for an average pulse beam current of 35 A (instead of 150 A for CLIC).
1.4 The Preliminary Phase of CTF3 and the Aims of the Thesis
The first phase of CTF3 is called the CTF3 Preliminary Phase, and is the central subject of this report.
This phase aims at a first demonstration at low charge of the bunch frequency multiplication scheme in
a combiner ring using RF deflectors for injection. The experiment takes place at CERN in a modified
version of the LEP Pre-Injector complex. The idea is to combine five pulses of 6 ns into a single pulse
of 6 ns, over five turns in the ring. The bunch spacing goes from 10 cm (corresponding to the 3 GHz
acceleration frequency) to 2 cm, thus achieving a bunch frequency multiplication of factor five inside the
pulse. The average beam current is also multiplied by five, starting from its initial low value of 0.3 A,
imposed by the beam-loading limitation in the existing accelerating structures of the linac. The bunch
combination is performed at a beam momentum of 350 MeV/c, higher than for the nominal phase of
CTF3.
Apart from its interest in the CLIC studies, this experiment proposes to demonstrate three new im-
portant challenges of accelerator physics, that have never been tested before. The first one is the injection
into a ring using an RF deflecting cavity, instead of the standard fast injection kickers. This opens the
door to new injection schemes with potential for new applications. The second challenge is the operation
of an isochronous ring, where all particles travel with the same time of flight over each turn, which al-
lows to keep the beam time structure over many turns in the ring. The third challenge is the use of 3 GHz
resonant RF cavities to combine electron beams into a ring. Although the use an RF dipole magnet in
order to interleave longitudinally successive bunches was already implemented for a different application
at much lower frequency [17], the idea to perform electron bunch combination in a ring, using two RF
deflectors, is a novel process which might lead to interesting applications in accelerator physics.
I started my thesis in January 2000, two years after the first design studies of the nominal CLIC Test
Facility CTF3 [18], and one year after the idea to use the LEP Pre-Injector (LPI) complex as a basis to
perform the first bunch combination tests. The first part of my work was therefore dedicated to optics
design (isochronous injection line, new model for the linac) done on the basis of beam measurements
performed on the existing LPI complex [19, 20, 21, 22]. The goal was to assess the required transforma-
tions on the LPI complex for the CTF3 Preliminary Phase. Extensive simulation work, with comparison
to the beam measurements on the LPI, was needed to elaborate the beam dynamics requirements for the
CTF3 Preliminary Phase [16, 23, 24]. Then, I participated in the high power RF tests on the two existing
RF deflectors [25], prior to their installation in the ring, in order to determine their characteristics and
assess the possibility of using them in the CTF3 Preliminary Phase. In Autumn 2001, the first round
of CTF3 experiments started and I was part of the small commissioning team that performed all the
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beam measurements necessary to reach the compatibility between the experimental beam dynamics and
the design predictions and simulations [26, 27, 28, 29, 30, 31]. My work was divided into two main
activities: beam operation and measurements in the control room, followed by off-line data analysis for
comparison with simulations. During the year 2002, the same team carried on the beam operation and
after the installation of the RF deflectors in the isochronous ring, the first bunch frequency multiplication
was achieved in the CTF3 Preliminary Phase, during Summer 2002 [32, 33, 34]. After this success,
the existing complex was shutdown in October 2002 to install the components of the nominal phase of
CTF3.
The beam dynamics studies and the results of the beam measurements of the CTF3 Preliminary Phase
were presented in various international conferences and publications [35, 36, 37, 38, 39].
This report is organised in three parts. The first part, which contains the present introduction, de-
scribes the CTF3 Preliminary Phase experimental environment, focusing on the objectives and the re-
quirements of the experiment. This description includes a theoretical introduction of the main accel-
erator physics mathematical concepts used all along the report. The second part relates both the design
and simulation studies and the beam measurements performed on the machine during the commissioning
periods in the years 2001 and 2002. A careful comparison is carried out between the experimental results
and the conceptual design based on simulation codes and made prior to the beam operation. The report
follows more or less the chronological order of the thesis work: first, the studies on the injection and
the bunch combination using RF deflectors is explained and simulated in detail, and then the machine
commissioning is described, starting from the gun providing the beam and ending with the combiner
ring. The third and last part is dedicated to the results of the bunch frequency multiplication which are
presented and analysed. This part also draws the conclusions learnt from the CTF3 Preliminary Phase
experiment, which successfully demonstrated the principle of Bunch Frequency Multiplication by RF
Injection into an Isochronous Ring.
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Chapter 2
Theoretical Background of Accelerator
Physics
This chapter is intended to give a brief overview of the basic concepts of accelerator physics, and to intro-
duce the terms and notations used in the following chapters. A comprehensive description of accelerator
theory can easily be found in introductory courses and books [40, 41, 42, 43].
2.1 Transverse Beam Dynamics
In any particle accelerator and beam transport line, there is a predefined ideal path, called the design
orbit, that particles should closely follow. Specific forces are applied on the particles not only to guide
them along this ideal trajectory, but also to confine them in its vicinity. These bending and focusing
forces can be achieved with electromagnetic fields. The transverse beam dynamics studies the behaviour
and the trajectories of charged particles under the influence of these fields.
2.1.1 Linear Equations of Motion




where p is the momentum vector, t the time and F the force acting on the particle. In presence of any
electrical field E or magnetic field B, the driving force is the Lorentz force
F = q(E +v×B) (2.2)
where q is the electrical charge and v the particle velocity. For a particle velocity close to the speed of
light, the force coming from a magnetic field of 1 Tesla corresponds to a force from a huge electric field
of 3×108 V/m. Therefore, in standard applications at high energy, only magnetostatic fields are used to
guide the particles and, in the following, E = 0.
Before integrating the equation of motion, it is convenient to define a local coordinate system (x,y,s)
which follows an ideal particle travelling along the design orbit, as shown in Figure 2.1.









Figure 2.1: Local moving reference frame.
The basic formulation of beam dynamics relies on linear fields which are independent or linearly
dependent on the distance of a given particle from the design orbit. The magnetic field is assumed to
have only transverse components and the deflection is assumed to occur in both transverse horizontal and
vertical planes
B = (Bx,By,0) (2.3)
with
Bx = Bx0−Gy (2.4)
By = By0−Gx (2.5)
where G = dBx/dy = dBy/dx is the field gradient. Replacing the time variable t by the arc length s















where u stands for x or y and ∆p = p− p0 with p the particle momentum in the s-direction and p0 the
design momentum. The focusing strength k(s) is proportional to the local field gradient G measured in
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where ρu(s) is the instantaneous radius of curvature in the horizontal or vertical plane.
2.1.2 General Solutions of the Linear Equations of Motion
The theory of the linear beam envelope is based on the solution of the equations of motion in polar
coordinates. This is the phase-amplitude formalism, derived from the Courant-Snyder theory [44].







where u′′(s) denotes the second derivative of u(s) with respect to the curvilinear abscissa s, and Ku(s)
is an arbitrary function of s depending on the magnetic field pattern in each plane. The general solution
u(s) is the sum of the solution uh(s) of the homogeneous equation and a particular solution ui(s) of the
inhomogeneous equation
u(s) = uh(s)+ui(s) (2.10)
with







The so-called dispersion function Du(s), which describes the momentum-dependent part of the motion












with the following initial conditions
Du(0) = D′u(0) = 0 . (2.15)
The physical interpretation of the dispersion is that the function Du(s)∆p/p0 gives the offset of the
reference trajectory from the ideal path for particles with a relative deviation ∆p/p0 from the ideal
momentum p0.
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Knowing this particular solution, the problem is reduced to the homogeneous linear second-order





is made for the function uh, with an s-dependent amplitude and phase. Here, εu and µ0u are integration
constants. In the following, all parameters are assumed to be functions of the variable s. The substitution
of this ansatz into the equation of motion reveals key relationships between the various parameters. First





thus showing that the knowledge of the function βu(s) along the beam line allows to compute the function
µu(s). Secondly, the differential equation which governs βu(s) can be written
α ′u(s) = Ku(s)βu(s)− γu(s) (2.18)
introducing the following definitions
αu(s) =−12
dβu(s)
ds and γu(s) =
1+α2u (s)
βu(s) . (2.19)
Finally, the so-called Courant-Snyder invariant reads
γu(s)u2 +2αu(s)uu′+βu(s)u′2 = εu (2.20)
which is the equation of an ellipse of area πεu, where the constant εu is the emittance of the beam. The
ellipse parameters αu(s), βu(s), γu(s) and the phase function µu(s) are called the betatron functions (or











is called the betatron oscillation. This is a quasi periodic oscillation with varying amplitude and phase.
The function βu(s) is called the beta-function and determines the maximal amplitude of the betatron
oscillations of a particle in one plane. The function µu(s) is called the phase advance and represents
the phase of the betatron oscillations. The ellipse described by (2.20) is called the phase-space ellipse
(Figure 2.2) and provides a powerful tool to describe the beam in phase space without having to compute
the trajectories of individual particles along the beam line. Indeed, due to Liouville’s theorem [45], all
particles enclosed by the ellipse stay within that ellipse along the beam line and the knowledge of the
evolution of the Twiss parameters is therefore enough to be able to describe the particle beam along the
beam line. By definition, the beam envelope is
√
εuβu(s) and the beam divergence is
√
εuγu(s).
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In linear or circular accelerators where the particle momentum varies, the emittance is not constant and
it is useful to define the so-called normalised emittance
εu,N = βγεu (2.22)











Figure 2.2: Phase space ellipse (for clarity, the subscript u has been omitted on all Twiss parameters).
Within this linear treatment, in a machine containing only dipole and quadrupole fields, the horizontal
and vertical betatron oscillations are completely decoupled, and the mathematical treatment is the same
in both planes.
In a ring, the particles experience the same magnetic configuration at each turn and specific prop-
erties arise because of the periodic structure. Omitting the energy-dependent term, the motion in both
transverse planes is governed by the Hill’s equation
u′′(s)+Ku(s)u(s) = 0 with Ku(s+L) = Ku(s) (2.23)
where L is the length of the period. It follows that the beta-function βu(s), the radius of curvature ρu(s)
and the dispersion Du(s) have the same periodicity. However, the phase advance does not have the












denotes the integral over the circumference of the ring. In order to avoid resonant
excitation of the particles due to magnetic fields imperfections, the tune should not be integer nor rational
of low order.
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2.1.3 Matrix Formalism
Another way to handle the equation of motions of the particles in a beam line is to solve the trajectory
equation (2.9) in terms of principal trajectories, introducing the matrix formalism. This mathematical
tool consists of partial solutions used to describe particle trajectories through a beam transport line com-
posed of drift spaces, bending magnets and quadrupoles. The method takes advantage of the fact that the
restoring force Ku of equation (2.9) is constant within each individual magnet, thus allowing trigonomet-
ric solutions.
Since the solution to a second-order linear equation can be expressed as the linear combination of







where u0 and u′0 are the initial values of uh at s = s0 and C(s) and S(s) are solutions of the homogeneous
equation (2.11) with the boundary conditions
C0 = 1 , C
′
0 = 0 (2.27)
S0 = 0 , S
′
0 = 1 (2.28)
at s = s0. The functions C and S are usually called “Cosine-like” and “Sine-like” trajectories. A linear











































By calculating the principal solutions of (2.11) for each magnetic element of the beam line, it is possible
to obtain a transformation matrix for this element. As an example, the transfer matrix of a focusing










The solution for the complete lattice is then the product of the individual matrices with the correct
sequence. The “Cosine-like” and “Sine-like” functions C and S are also of great interest to transform the





















thus allowing to know the beam envelope and divergence at each location of an accelerator.
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2.2 Isochronicity
Isochronicity is a specific property of a lattice for which the time of flight is equal for all particles. Gener-
ally, the isochronous condition is related to two different effects: the fact that the particles with different
energies travel on different paths, and the variation of the velocity with the energy. The derivation of the
isochronicity condition shows that it imposes some constraints on the dispersion function.
2.2.1 First Order Path Length
In the following, it is assumed that the curvature of the ideal orbit only occurs in the horizontal plane.
Notations are those of Section 2.1, in particular the coordinate system is given in Figure 2.1 on page 16.
The infinitesimal path length element associated with this curvilinear system is given by
dσ2 = dx2 +dy2 +(1+κxx)2ds2 (2.33)
where κx is the curvature in the horizontal plane. The total path length L of any particle trajectory is









x′2 + y′2 +(1+κxx)2 ds (2.34)
where all the variables are functions of the abscissa s. In the approximation of paraxial trajectories where
















where κx(s) = 1/ρx(s) = 1/ρ(s). The linear contribution to path length variation therefore comes from
the curved sections of the beam line.
2.2.2 Isochronous Condition




where L is the path length and β = v/c the normalised velocity of the particle. The logarithmic differen-






− ∆ββ . (2.38)
22 CHAPTER 2. THEORETICAL BACKGROUND OF ACCELERATOR PHYSICS








and using equation (2.36) after replacing x by its value given in equation (2.26), the relative variation in




































is the momentum compaction factor which depends on the dispersion function D(s). By definition of the




























Since the parameters x0, x′0 and ∆p/p are independent, this condition imposes that the three integrals
vanish separately, which is a rather strong condition on a beam line. However, this condition can be
simplified for specific lattices with constraints on the dispersion function.
Achromatic Lattices
The case of achromatic lattices where both the dispersion and its derivative are required to vanish at
the beginning and at the end of the beam line is of particular interest. Let’s first derive the general
expression of the dispersion function in terms of the principal solutions (see Section 2.1). By definition,




with the following initial conditions
D(0) = D′(0) = 0 . (2.44)









ρ(s) ds = S(s)Ic−C(s)Is (2.45)
where C(s) and S(s) are the “Cosine-like” and “Sine-like” principal solutions defined by the equation
(2.26) in Section 2.1 and ρ(s) the radius of curvature of the reference orbit (assumed to be in the hori-
zontal plane only). The achromatic condition written at the end of the beam line then reads{
D(s) = S(s)Ic−C(s)Is = 0
D′(s) = S′(s)Ic−C′(s)Is = 0
(2.46)
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which can be solved for Ic and Is as{
[C(s)S′(s)−S(s)C′(s)] Ic = 0
[C(s)S′(s)−S(s)C′(s)] Is = 0
. (2.47)
Since C(s) and S(s) are linearly independent solutions of a differential equation, the Wronskian determi-
nant follows the condition
W =
∣∣∣∣∣ C SC′ S′
∣∣∣∣∣ = 0 (2.48)




Inserting this result into equation (2.42), the isochronicity condition for a first order achromatic beam





= 0 . (2.50)
Approximation for High-Energy Electrons








ρ(s) ds = 0 (2.51)
which shows that isochronicity can be reached in an achromatic beam transport line by adjusting the mo-
mentum compaction to zero (or close to zero). As a consequence, the first order isochronicity condition
only depends on the dispersion pattern within the bending magnets of the line.
Equation (2.35) however shows that higher order terms in the isochronicity may also be considered
for a better adjustment of the path length of the particles. Although not easily calculated analytically,
these effects are numerically taken into account in the optics simulations.
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Chapter 3
CTF3 Experimental Environment
The first step in the CTF3 project is referred to as the Preliminary Phase and aims at demonstrating the
bunch frequency multiplication process at low charge. This chapter gives a general description of the
whole facility, with emphasis on the technical challenges and goals. It intends to give a comprehensive
overview whereas the detailed beam dynamics studies and measurements will be presented in the fol-
lowing chapters. Since the CTF3 facility was built using the existing infrastructure of the former LEP
Pre-Injector (LPI), making use of most of its components, the required transformations are also briefly
recalled.
3.1 General Description of the CTF3 Preliminary Phase
The general layout of the CTF3 Preliminary Phase complex is shown in Figure 3.1.
Figure 3.1: General layout of the CTF3 Preliminary Phase complex.
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The beam manipulations foreseen in the CTF3 Preliminary Phase complex are shown in Figure 3.2
with the evolution of the beam time structure from the output of the gun to the ring, for a bunch combi-
nation factor of five. In the ring, a streak camera set-up collecting the synchrotron light (see Appendix A
and Section 8.1.3) is used to observe the bunch structure turn after turn, and to provide the ultimate
demonstration of the bunch combination. In the following, the main components of the CTF3 Prelimi-
nary Phase are described. The order of the sections follows the path of the beam in the machine.
Figure 3.2: Evolution of the beam time structure between the gun and the ring for a combination factor
of five in the CTF3 Preliminary Phase.
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3.1.1 Front-End and Linac
The thermionic gun delivers a train of up to seven electron pulses. Each pulse has a nominal length of
6.6 ns FWHM (Full Width at Half Maximum), and the pulses are spaced by 420 ns. The gun produces
a continuous electron beam, uniform over the pulse length. A 3 GHz pre-buncher introduces a velocity
modulation along the pulse, which transforms into position differences after a short drift, because of the
differences in the speed of the particles. The 3 GHz buncher then captures, compresses and accelerates
the bunches up to a momentum of about 5 MeV/c. At the exit of this front-end, each pulse is therefore
composed of several (typically 20) electron bunches. The gun is designed for a nominal peak current
of 1 A, corresponding to a charge per bunch of 0.1 nC. The train of seven pulses is produced with a
repetition rate that can be varied between 5 Hz and 50 Hz. Figure 3.3 is a picture of the front-end section
in the machine, showing the gun cage in the background and the buncher surrounded by a focusing
solenoid, as well as the wave guides bringing the RF power from the modulator-klystron gallery located
in the upper floor.
Figure 3.3: Picture of the CTF3 Preliminary Phase front-end.
The linac is about 56 metres long and is composed of two parts: the accelerating section and a
matching and instrumentation section. In the first part of the linac, eight travelling wave structures, each
one 4.57 metres long, accelerate the beam up to a nominal momentum of 350 MeV/c. These accelerating
cavities are powered in groups of four by two 40 MW klystrons. One single RF pulse of length 4.5 µs is
used for the acceleration of the whole train of seven pulses. The beam parameters are such that the total
charge is small enough to keep to reasonably low values the energy spread generated by beam-loading in
the accelerating structures (energy extraction from the electromagnetic fields by the beam), while keeping
the charge per bunch high enough to give a good resolution for the measurements using the streak camera
(see Appendix A). During the acceleration, the beam is focused by a series of three quadrupole families
and five independent quadrupoles. The linac optics was designed in order to optimise the beam transport
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from the gun to the injection line with minimum modifications to the existing hardware. All along the
linac, beam position monitors (called UMA in the following, for MAgnetic pick-Up) give the transverse
beam position inside the vacuum chamber by measuring the electric voltage induced on coils as the beam
passes. Scintillator screens coupled to CCD cameras (called MTV in the following, for TV Monitors) are
also used to visualise the presence of the beam along the linac. Figure 3.4 is a picture of the whole linac
seen from the gun location and Figure 3.5 is a detailed picture of one accelerating cavity surrounded by
the quadrupoles.
Figure 3.4: Picture of the CTF3 Preliminary Phase linac.
Figure 3.5: Picture of the CTF3 Preliminary Phase linac (detail).
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At the end of the linac, a matching section made of five independent quadrupoles achieves the proper
matching of the transverse Twiss parameters between the linac and the injection line. This section is
also instrumented in order to provide a full characterisation of the beam. Beam diagnostics include a
spectrometer line, a Wire Beam Scanner (WBS), as well as Cherenkov and Transition monitors (TCM).
The wire beam scanner is used to measure the transverse beam size by moving a single wire across the
beam and measuring the induced secondary emission current. The Cherenkov and Transition monitors
are material screens that are inserted into the beam path and which emit photons by transition radiation
or Cherenkov effect under the impact of the beam. The emitted light is collected and sent to the streak
camera for observation. The spectrometer line is equipped with a scintillator screen and with a Secondary
Emission Monitor (SEM-Grid) which measures the current induced in the wires of a metallic grid under
the impact of the beam. Located after a bending magnet in which the deflection of the particles depends
on their energy, the SEM-Grid allows to visualise beam energy profiles. Figure 3.6 is a picture of the
instrumentation section at the end of the linac.
Figure 3.6: Picture of the CTF3 Preliminary Phase instrumentation section in the linac.
3.1.2 Injection Line
The injection line links the linac to the ring. In addition to the horizontal bending magnets which give
the line its S-shape, the injection line contains two vertical dipoles with a small bending angle in order
to match the heights of the linac and the ring, which are different to allow injection from inside the ring.
Figure 3.7 is a picture of the injection line seen from the end of the linac. From the point of view of the
beam dynamics, the line has to meet several requirements. Since the horizontal and vertical dispersion is
zero at the end of the linac and in the injection sector of the ring, the lattice must be achromatic in both
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planes. In addition, it must be isochronous in order to preserve the length of the bunches from the linac
to the ring where a short bunch length is essential for the combination. Moreover, the optics needs to be
matched to the ring optics in the transverse plane. In order to achieve all these properties, all the seven
quadrupoles of the line are independently powered whereas the dipoles are powered in series, except the
one at the entrance of the line, which has a smaller bending angle.
Figure 3.7: Picture of the CTF3 Preliminary Phase injection line.
3.1.3 Ring
The ring has a race-track shape and is about 126 metres long. It is made of four identical arcs that
connect two long and two short straight sections. The injection is made in one of the long straight
sections. The main magnetic elements are sixteen bending magnets powered in series, nine independent
quadrupole families and three independent sextupole families. Figure 3.8 is a picture of one arc of the
ring and Figure 3.9 shows the injection region (long straight line). The ring lattice must be isochronous
(up to the second order), in order to keep the bunches short during the combination process, which
requires five turns for a multiplication factor of five. For the combination, the injection is done by means
of RF deflectors which create a time-dependent closed bump of the reference orbit, thus allowing the
interleaving of five bunch trains (see Figure 3.10 on page 32). To ensure a good injection with the RF
deflectors, the dispersion in the ring must vanish in the long straight sections. The fast injection kickers
are kept in the ring in order to allow standard injection in combination with a non-isochronous optics,
which allows to accumulate the beam, as needed for some optics measurements. For that purpose, a
19 MHz RF cavity is also available in the ring, although not used during the combination. The main beam
diagnostic is the streak camera set-up which collects the synchrotron radiation light in some bending
magnets of the ring and transports the light to a streak camera laboratory located in a separate room,
aside the ring tunnel.
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Figure 3.8: Picture of one CTF3 Preliminary Phase arc in the ring.
Figure 3.9: Picture of the CTF3 Preliminary Phase injection region in the ring.
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Figure 3.10: Principle of injection using RF deflectors, for a bunch combination factor of five.
The frequency multiplication takes place in the ring. Figure 3.10 depicts the combination principle
for a multiplication factor of five:
1. When the first pulse arrives from the injection line, all of its bunches receive the maximum kick from
RF deflector 1 and are deflected onto the closed orbit of the ring.
2. The ring circumference is such (see equation (3.1) on page 33) that, at the second turn, the bunches of
the first pulse arrive in RF deflector 2 with the phase 2π/5 on the deflecting field, and are kicked onto a
local inner orbit. The bump is closed when these bunches arrive in deflector 1 with the same phase 2π/5
on the deflecting field: they receive the same kick (after a betatron phase advance of π), and are deflected
onto the closed orbit of the ring again. The bunches of the second pulse receive the maximum kick and
are injected onto the closed orbit of the ring, right behind the circulating bunches of the first train.
3. At the third turn, the bunches of the first pulse arrive in the deflectors with a phase 4π/5 on the
deflecting field and are kicked onto a local inner orbit on the opposite side of the septum, the bunches of
the second pulse arrive with a phase 2π/5 on the deflecting field, and the bunches of the third pulse are
injected behind the circulating bunches.
4. After four turns, the bunches of the subsequent pulses are distributed on the deflecting field with
phases of 2π/5, 4π/5, 6π/5, 8π/5 and travel on two inner orbits in between the deflectors. At the fifth
turn, the fifth pulse is injected and the five pulses are combined into one single pulse. The initial bunch
spacing is reduced by a factor five (from 10 cm to 2 cm), and the bunch frequency is therefore multiplied
by five.
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In the CTF3 Preliminary Phase, the goal is to achieve a bunch frequency multiplication by a fac-
tor five, but it is also foreseen to test the factors three and four. The general relationship between the





where λ0 is the RF wave length in the linac and in the deflectors and n an integer. The circumference of
the ring is first adjusted to an average value according to this relationship, and the range of combination
factors from three to five can be explored by varying the wave length λ0 by tuning the frequency of
the low level RF source. A change in frequency of the order of ±150 kHz is required, and must be
accompanied by a change in the operating temperature of the cavities of the order of ±3◦, in order to
keep the same resonant properties in the cavities.
The RF deflectors used for the combination are resonant, travelling-wave structures. They are both
powered by a 30 MW klystron. A power of about 7 MW is needed in each of the deflectors in order
to obtain the nominal deflecting angle of 4.5 mrad at injection at 350 MeV/c. Figure 3.11 is a detailed
picture of one RF deflector.
Figure 3.11: Picture of one CTF3 Preliminary Phase RF deflector.
An extraction line is available at the opposite side of the ring with respect to the injection region.
The circulating electron beam can therefore be extracted after the combination and dumped into concrete
blocks located at the end of this line.
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3.2 Transformation of the LEP Pre-Injector Complex
The CTF3 facility is built in the existing infrastructure of the former LEP Pre-Injector (LPI) complex.
The Preliminary Phase makes maximum use of the existing LPI equipment which became available after
the end of the Large Electron Positron (LEP) operation, in November 2000. This section briefly recalls
these modifications which help understand some technical choices.
The LPI complex, initially composed of the LEP Injector Linac (LIL), of the electron injection line
(HIE) and of the Electron-Positron Accumulator (EPA), has undergone major modifications over several
months to be transformed into the CTF3 Preliminary Phase. Figure 3.12 shows the layout of the LPI
complex before and after its transformation into the CTF3 Preliminary Phase. The names of the magnetic
elements and of the instrumentation are kept from the former LPI nomenclature. For that reason, all the
elements of the linac are prefixed by WL (for “Linac W”), all the elements of the injection line are
prefixed by the letters HIE (for “Hippodrome Injection Electrons”) and all the elements of the ring are
prefixed by HR (for “Hippodrome Ring”).
Figure 3.12: Layout of the LPI complex in the LEP configuration (top) and after the modifications for
the CTF3 Preliminary Phase (bottom). CTF3 Injector refers to the new injector required for the nominal
phase of CTF3.
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The first part of the linac was dismantled and eight accelerating structures were removed. Shielding
blocks were added at the level of the positron production target, thus creating an independent area that
will be used to install the new injector required for the nominal phase of CTF3. A new gun, built
in collaboration with the “Laboratoire de l’Acce´le´rateur Line´aire” (LAL) in Orsay (France) [46], was
necessary to produce the required beam time structure (see Section 3.1.1). After the removal of the first
six accelerating cavities, the gun and the front-end were installed in the former positron capture region.
The last two accelerating structures of the linac were also removed and replaced by the matching and
instrumentation section, where a new spectrometer line was installed.
The overall geometry of the electron injection line was preserved, although the existing quadrupoles
were moved and two new quadrupoles were added in the line. New power supplies were also necessary
to feed independently all the quadrupoles. These changes were mandatory to fulfil the conditions in the
injection line (see Section 3.1.2). The former positron injection line was cut in the middle to provide two
short beam lines. The first line is used to dump the electron beam at the end of the linac, and the second
line, located in the straight section of the ring opposite to the injection region, is a short extraction line.
The elements of this line are prefixed by HEE for “Hippodrome Ejection Electrons”.
Some important work took place in the ring. Three out of the six existing quadrupole families needed
to be powered independently and the four quadrupoles of one family were longitudinally displaced.
These modifications were required to obtain an isochronous optics in the ring. In addition, the ring
circumference had to be reduced by 17 mm in order to reach the average ring circumference required to
cover the range of bunch combination factors from three to five (see Section 3.1.3). This was done by
adjusting the positions of all the elements with respect to their fixed support, in each arc. In order to feed
the RF deflectors with the 3 GHz RF power, a new RF network was installed between the two deflecting
cavities and the klystron-modulator gallery located in the upper floor.
Lastly, the extraction lines from the LPI complex to the Proton-Synchrotron (PS) machine that were
used for LEP operation were totally dismantled.
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“Measure what is measurable, and make measurable
what is not so.”
Galileo Galilei
Part II
Conceptual Design and Commissioning
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Chapter 4
Injection with RF Deflectors
4.1 Principle and Originality
A standard ring injection scheme is shown in Figure 4.1. The beam coming from the injection line is
deflected close to the closed orbit of the ring by a septum dipole magnet which deflects the incoming
beam without disturbing the circulating beam. At the output of the septum magnet, the injected beam
is displaced compared the closed orbit and the optics is such that the injected beam moves to the centre
of the aperture of the vacuum chamber by the time it reaches the kicker. At that point, the fast kicker
provides the beam with an angular deflection (or kick) which compensates for the residual angle and
puts the beam onto the closed orbit of the ring. The kicker pulses have typical flat-top lengths of 20 ns,
with rise and fall times of the same order. However, during a bunch combination, the incoming bunches,
spaced by 333 ps (3 GHz acceleration frequency), must be injected and interleaved with the circulating
bunches, at a distance of 333/5  67 ps for a combination factor of five. This requires that the injected
and the circulating bunches experience different deflections in order to follow the same orbit in the ring
after the kicker. This is not possible with a standard kicker which provides a constant kick, corresponding
to the injection angle, over all the pulse duration. In fact, a kicker would kick the incoming bunches onto
the closed orbit, but at the same time, the circulating bunches would be kicked out of the orbit, and










Figure 4.1: Standard injection scheme with septum-kicker combination. The quadrupoles between the
septum magnet and the kicker are not shown.
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Therefore, the electron bunch combination process relies on the use of RF deflectors, in which the
kick strength and direction vary rapidly with time, to inject and combine the bunches into the isochronous
ring. The injection scheme stays the same as in Figure 4.1 (see also Section 4.3) except that the injection
kicker is replaced by a 3 GHz resonant structure (RF deflector), which provides the incoming beam
bunches with the required angular deflection. Although one RF deflector is enough to inject the beam,
two identical deflectors are needed to perform the bunch combination. The two RF deflectors create a
time-dependent closed bump of the orbit in the injection region, thus allowing to inject the incoming
pulses on the closed orbit of the ring while keeping the circulating pulses in the ring (see Figure 3.10 on
page 32). The time dependence of the kick results from the fact that the deflecting field in the cavities is
obtained from an RF wave which has the same 3 GHz frequency as the beam structure. Up to now, this
technique has never been used to inject beams into a ring, nor to combine different pulses into one pulse
with higher bunch frequency.
4.2 RF Deflectors
4.2.1 Basic Properties
The transverse component of the deflecting force acting on relativistic particles moving along the longi-
tudinal axis of a wave guide, synchronously with an electromagnetic wave of phase velocity c, can be





where q is the charge of the particle, k = ω/c the wave-number, Ez the longitudinal electric field com-
ponent and ∇t the gradient in the transverse plane. This relationship imposes a non-uniform longitudinal
electric field in order to provide a transverse deflection to a particle in a deflector. In practice, this is
achieved by a combination of electric and magnetic fields travelling along the longitudinal axis of a
waveguide in which the uniform cylindrical structure has been modified or “loaded” by the insertion of
disks in periodic intervals, as shown in Figure 4.2. This so-called disk-loaded structure is similar to stan-
dard accelerating cavities, with a sequence of cavities electromagnetically coupled through the central
hole. Such an arrangement of cells acts like a band-pass filter through which only electromagnetic field
modes of given frequencies can propagate. The resonant mode, which is a deflecting mode in the case of
RF deflectors, is selected by the geometry of the cavity. The determination of the deflection direction is
done by the design of the input and output coupler cells (not shown in Figure 4.2), and by introducing a
small asymmetry (for instance, small holes in the disks, see Figure 4.2), which decouples the frequencies
of the horizontal and vertical deflecting modes.
The theoretical studies of the electromagnetic waves and the deflecting modes in such cavities has
already been done in detail in the context of RF separators [47, 48, 49, 50], and only the main results are
recalled here for understanding purposes.










Figure 4.2: Geometrical drawing of one RF deflector. The beam axis corresponds to the closed orbit of
the ring.
The field components for the deflecting mode in the region inside the iris are obtained from Maxwell’s








(k2a2− k2r2)sinθ sin(ωt− kz) (4.3)








|k2a2−4+ k2r2|cosθ sin(ωt− kz) (4.6)
Z0Hz =−E0kr sinθ cos(ωt− kz) (4.7)
where E0 is the equivalent deflecting field proportional to the square root of the RF power in the structure,
a the radius of the iris in the structure, and Z0 =
√
µ0/ε0 the vacuum impedance with µ0 the permeability
and ε0 the dielectric constant in the vacuum. Using equation (4.1) in cylindrical coordinates with these
field components leads to the transverse deflecting force acting on a synchronous particle (ωt = kz) in




ir− sinθiθ ) . (4.8)
Such force is uniform in strength over the whole aperture, with ‖Ft‖= |q|E0. This is a desirable charac-
teristic of the deflectors since in that case, the deflection does not depend on the beam position or angle
with respect to the axis.
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Taking into account the voltage attenuation along the structure characterised by the constant α , the





















which shows that the transverse momentum is proportional to the square root of the input RF power. The













where R is the shunt impedance, λ0 the RF wavelength, Q the quality factor, and βg the normalised group
velocity.
In the case of the Preliminary Phase of CTF3, existing RF deflecting cavities, built in the past for
other purposes [51], are used. These RF deflectors have a negative group velocity, which means that the
RF wave travels in the opposite direction of the electron beam. Each deflector has an overall length of
27 cm, with six regular cells and two couplers (not shown in Figure 4.2). The iris diameter is 2.3 cm in
the regular cells and 2.1 cm in the coupler cells. The electron pulse train is at most composed of seven
pulses of nominal length 6.6 ns, each spaced by 420 ns, hence a total length of 2.6 µs (see Section 6.1).
This train is injected using a single RF pulse of length 2.7 µs, the filling time of the deflecting cavities
being of the order of 50 ns. The reference injection angle is determined by the geometry and the optics
of the injection region. In the case of the Preliminary Phase of CTF3, the injection angle is 4.5 mrad
(see Section 4.3), which must be equal to the deflection angle provided by the deflectors at injection.
Knowing the RF deflectors main parameters, it is possible to compute the needed input power and design
the RF network accordingly. The deflection angle φ is computed from the induced transverse momentum










where E is the electron beam energy (in eV). When using the parameters given in Table 4.1, the reference
injection angle of 4.5 mrad is reached for a 7 MW input power (the two couplers are considered as two
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active cells for the transverse deflection). This value of the power is easily achievable with the available
modulator-klystron, making these RF deflectors suitable for the funnelling experiment of the Preliminary
Phase of CTF3. The only major drawback of these deflectors is their limited aperture, which could cause
some losses during the combination process. This point was therefore studied in detail by analytically
modelling the RF deflectors and tracking the particles in the ring (see Section 5.5).
Parameter Symbol Value Unit
Frequency ν 2.998 GHz
Number of cells Nc 6+2
Dephasing/cell π/2
Iris Aperture 2a 2.3 cm
Diameter 2b 11.9 cm
Cell length d 2.5 cm
Active length L 20 cm
Overall length Ld 27 cm
Normalised group velocity βg −0.0189
Quality-factor Q 1.281×104
Shunt impedance R 3.389×107 Ωm−1
Series impedance Z 8.797×106 Ωm−2
Voltage attenuation α 0.13 m−1
Input power P 7 MW
Deflection angle φ 4.5 mrad
Table 4.1: Main parameters of the RF deflectors for the CTF3 Preliminary Phase [52].
4.2.2 High-Power Tests
As mentioned before, the two RF deflectors used in the CTF3 Preliminary Phase are existing structures.
One was built in LAL some time ago and later sent to CERN to measure the bunch length at the output
of the bunching system of the LEP Injector Linac (LIL) [51] while the other one was built at CERN as a
spare copy of the first cavity. Since these cavities had not been used for a long time, it was mandatory to
perform high-power tests and condition them prior to their installation in the machine. An experimental
set-up was therefore installed inside the CLIC Test Facility 2 (CTF2) tunnel for the RF conditioning of
the two cavities, as shown in Figure 4.3.
Figure 4.4 is a schematic drawing of the test stand. The 30 MW modulator-klystron WL.MDK29,
operating at 3 GHz, was used to feed the cavity. It is located in the klystron gallery and about 60 metres
of waveguides are necessary to bring the RF power from the klystron exit to the cavity. The waveguides
are filled with SF6 gas up to the entrance of the cavity, where a water-cooled window separates the gas
in the waveguides from the vacuum in the cavity. The temperature in the waveguides is stabilised by a
water cooling system along the guides. It was estimated that no such cooling equipment was necessary
on the cavity for those tests but that the future needs would be evaluated during the tests themselves.
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Figure 4.3: Picture of the high-power test stand for the RF deflectors in the CTF2 tunnel, showing one
RF deflector on its support as well as the vacuum and RF assembly.
The bake-out process used thermal strips wound around the cavity. The temperature followed a
programmed ramp up to 150◦ C. The pressure in the baked cavity, without RF power, was kept to a level
close to 10−8 mbar using primary, turbo and ion pumps. The vacuum level was constantly recorded to
monitor the breakdowns in the cavity. There were two measurement points for the forward (or input) and
reflected power: the signals could be read either directly at the entrance of the cavity or at the exit of the
klystron. Attention was paid to the fact that the amount of forward power read on the peak power meter
at the exit of the klystron is much higher than the amount of power effectively reaching the entrance of
the cavity, because of the attenuation along the 60 metres of waveguides. The typical attenuation in the
waveguides is of the order of 0.02 dB per metre. The overall absolute error on the power is estimated to be
less than 10%. Fast interlocks for the gas pressure in the waveguides, for the vacuum pressure and for the
klystron reflected power were added to the usual interlocks for protection of equipment and personnel.
At the exit of the cavity, the transmitted power was measured and then absorbed in a water-cooled load.
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Figure 4.4: Schematic layout of the high-power test stand for the RF deflectors.
For the high-power tests, the repetition rate was fixed to 5 Hz and the modulator-klystron frequency
was 2.9985 GHz. The pulse length was first set to 1.2 µs and the forward RF power was increased from
a few mega-watts to more than 10 MW. A few RF breakdowns were observed, resulting in sudden rises
of pressure. The breakdowns are electric discharges in the structure, usually initiated by dust particles or
surface imperfections, and associated with an increase in the vacuum pressure level. If the pressure was
above a reasonable level, or in case of many consecutive breakdowns, the input power was reduced so
that the vacuum could recover. After reaching the 10 MW level, the pulse length was set to its nominal
value of 2.7 µs and the process was repeated.
At nominal pulse length, the first cavity was conditioned up to 18 MW at the exit of the klystron
(roughly 13.5 MW at the entrance of the cavity) and the second cavity up to 17 MW at the exit of the
klystron (roughly 13 MW at the entrance of the cavity). Both cavities had a similar behaviour, although
more breakdowns were observed on the second cavity at high power (beyond 10 MW). However, the
frequency of gas bursts rapidly decreased with the operation time. The conditioning process was stopped
when the cavity had run for at least a few hours with very few breakdowns. This process typically
took a few days for each cavity. Reliability is expected to be further increased during operation in the
machine. These levels of power are far beyond the requirements for the use of these deflectors in the
CTF3 Preliminary Phase (7 MW) and provide a large safety margin for operation.
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The forward, transmitted and reflected power signals were as expected for this type of cavity. The
left-hand side of Figure 4.5 shows the forward and reflected power signals measured at the entrance
of the cavity for the nominal pulse length and power. The spikes at both ends of the reflected signals
appear during the rise and fall time of the pulse because a large band of frequencies is covered during
the sharp amplitude change and some of these frequencies are not in the transmission band of the cavity.
The asymmetry in the height of these spikes between the beginning and the end of the reflected signal is
believed to result from an asymmetry in the signal during the rise and fall time. The right-hand side of
Figure 4.5 shows the forward and transmitted power signals measured at the entrance of the cavity for
the nominal pulse length and power. As expected, the shape of the transmitted signal is the same as the
forward signal.
Figure 4.5: High-power tests of the RF deflectors. Left: forward power signal (bottom) and reflected
power signal (top) at the entrance of the cavity for the nominal pulse length and power. The reflected
power signal is only a tiny part of the forward power signal (note that here different vertical scales are
used). Right: forward power signal (bottom) and transmitted power signal (top) at the entrance of the
cavity for the nominal pulse length and power.
During the experiment, the pressure increased from the 10−8 mbar level to the 10−7 mbar level.
However, for those tests, no optimisation of the experimental set-up was carried out from the point of
view of the vacuum assembly.
Temperature Dependence on the Repetition Rate
During the operation of the CTF3 Preliminary Phase, the repetition rate of the gun is expected to vary
between 5 Hz and 50 Hz. Although the demonstration of the bunch combination can be made at any repe-
tition rate, it is preferable to be able to change the frequency depending on the measurement requirements
and on the beam diagnostics used. To ensure a constant resonant frequency at various repetition rates,
water cooling is needed to stabilise the temperature of the cavity. During these tests, the temperature was
monitored at various repetition rates to help better estimate the cooling requirements.
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For that purpose, a thermo-couple was installed on the cavity to monitor the temperature of the
surface of the cavity. At rest, without any cooling, the temperature of the surface of the cavity was
24.4◦ C. The repetition rate was first set to 5 Hz and the nominal power of 7 MW at the entrance of the
cavity was reached. After a few hours, the temperature stabilised around 27◦ C. Then the repetition rate
was doubled to 10 Hz and the temperature raised to around 30◦ C after a few hours of run. Eventually,
the repetition rate was set to its maximum value of 50 Hz and the surface temperature then climbed up to
45◦ C after three hours. The experiment was stopped at that temperature to avoid any permanent detuning
of the cavity. This showed the need for a temperature stabilisation system at 30◦ C around the deflectors.
Such system was developed and implemented on the RF deflectors for standard operation.
Resonance Band of the Cavities
During the CTF3 Preliminary Phase, it is planned to change the frequency multiplication factor from
three to five. In order to cover that range of combination factors, the RF frequency will have to be varied
by approximately ±150 kHz around its reference value. This frequency change is made on the low-level
RF source of the whole complex. This change must be followed by a fine tuning of the cavity resonant
properties, obtained by adjusting the temperature of the cavity. Assuming the expansion coefficient for
copper is αT = 1.65×10−5 per degree, the change in the diameter D of the cavity per degree is given by
∆D = αT D (4.15)
and the corresponding change in frequency is




where f0 is the reference frequency. Consequently, a temperature variation of one degree implies a
frequency shift of about 50 kHz. It is therefore foreseen to tune the RF deflectors to the needed frequency
by changing their temperature by ±3◦ C, thus covering the needed ±150 kHz range. It was however
important to check the sensitivity of the RF signals to a frequency change. And, if the transmission
band is large enough, the whole frequency range could be covered inside the band without changing the
temperature.
To estimate the resonance band, the frequency range was explored in steps of 100 kHz while monitor-
ing the reflected signal at a low level of forward power. Qualitatively, the central frequency corresponds
to the minimum of the reflected signal and the lower and higher limits of the bandwidth corresponds
to twice the minimum value of the reflected signal. Once the temperature was stabilised at 27◦ C with
a repetition rate of 5 Hz, the bandwidth range was from 2.9975 GHz to 2.9999 GHz, where this upper
value is the klystron maximum frequency. Although the temperature follow-up might still be needed
when changing the frequency to keep the phase velocity resonant with the electron beam, the bandwidth
is close to 3 MHz (compared to the needed ±150 kHz range) and is large enough to avoid a very precise
temperature stabilisation system. The observed central frequency is close to 2.9989 GHz which is higher
than the expected value of 2.9986 GHz at 27◦ C (the design frequency being 2.9985 GHz at 30◦ C). This
small shift in the central frequency confirms other previous measurements [53].
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Conclusions
The RF power tests allowed to check that the two RF deflectors can cope with a much higher amount of
power than required, thus leaving a comfortable margin for the operation of the machine. The cavities
were conditioned up to 13.5 MW for the first cavity, and 13 MW for the second one, with the nominal
pulse length. In addition, the resonance bandwidth of the cavities was found to be of the order of 3 MHz,
thus allowing some flexibility for frequency tuning and temperature stabilisation. The tests also showed
that a cooling device is needed for operation at high repetition rate in order to guarantee a constant
resonant frequency, the design and reference frequency being 2.9985 GHz at 30◦ C.
4.3 Injection Scheme
The CTF3 Preliminary Phase injection region is shown in Figure 4.6. The general configuration of the
quadrupoles, of the septum (actually there are two separate septa side by side with bending angles of
22 and 7 degrees, powered in series) and of the kickers is unchanged compared to the former injection
region of the LPI machine. At that time, a pair of static dipoles, called bumpers, was used to locally
move the orbit close to the septum and ease the injection. These bumpers were kept in the machine but
displaced to free some space for the RF deflectors that are therefore installed at the former location of
the bumpers. As in standard injection schemes, the RF deflecting cavities, the bumpers and the kickers,
have a betatron phase advance of π between them. The kickers are also left in the machine and can be
used as an alternative to inject the beam instead of the RF deflectors. They were used during the initial
phase of the commissioning of the ring, prior to the installation of the deflectors.
Figure 4.6: Schematic layout of the injection region in the Preliminary Phase of CTF3. F stands for
focusing quadrupoles and D for defocusing quadrupoles.
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4.3.1 Injection Angle
The angle required for injection is determined by both the geometry and the optics of the injection region,
between the septum magnet and the injection RF deflector. In a dispersion-free region, the 2×2 transfer
matrix M between two points of abscissae s1 and s2 (here for the horizontal plane) can be expressed in
terms of the Twiss parameters α , β and µ as




























√β1β2 sin(µ2−µ1)x′1 . (4.19)
At the injection point, the beam is displaced compared to the closed orbit and must move to the centre of
the aperture of the vacuum chamber by the time it reaches the deflector location. These conditions are
expressed using equation (4.19) between the septum (subscript s) and the deflector (subscript d) to give










where m12 is the matrix element of the transfer matrix M computed between the septum and the RF
deflector, and µ the betatron phase advance between those two points. Given the geometry of the vacuum
chamber in this region, the radius of the chamber (around 47 mm) and the septum thickness (around
10 mm), the distance xs must be larger than 60 mm (taking into account a beam transverse size of a few
millimetres). Using equation (4.21) for the ring isochronous optics (m12 = 13.6 m from the model), leads
to a deflection angle of the order of 4.5 mrad.
4.3.2 Bunch Length Considerations
The centre of the injected bunch must be on the crest of the cosine deflecting field in the RF deflector
to receive the maximum deflection, corresponding to the injection angle. For a short bunch, the phase
extension of the bunch on the crest is small. In the following, the reference bunch length of 3 ps rms
is used, based on the bunch length measurements performed at the end of the linac (see Section 6.5).
A tail particle located at 2σ from the centre of a 3 ps rms long bunch will have a deflection angle only
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0.8% smaller than the nominal one. The effective emittance growth due to the RF injection is therefore
negligible.
For a frequency multiplication factor of five, the centres of the bunches of the four circulating pulse






5 from the crest. The left-hand
side of Figure 4.7 shows the relative variation of the kick amplitude with respect to the location of the
bunches on the transverse deflecting field, for a bunch length of 3 ps rms.
Figure 4.7: Left: Location of the injected and circulating bunches on the transverse deflecting field
during a bunch combination of factor five. The longitudinal extension corresponds to a ±2σ Gaussian
distribution of a bunch of length of 3 ps rms and the circles indicate the centres of the bunches. The
circulating bunches belong to four different pulses and the two injected bunches are subsequent bunches
of the same injected pulse. Right: Simulated beam envelopes of the circulating bunches in the case of an
infinitely short bunch and of a bunch of length 3 ps rms. Both bunches have a normalised rms emittance
of 15 π mm mrad and are located at 2π/5 on the RF deflecting field.
As a consequence of the phase extension, the head and the tail of the circulating bunches experience
different deflection angles. This enlarges the transverse size of the circulating beam in the region between
the two RF deflectors. This effect represents the dominant contribution to the beam size at the level of
the septum. The right-hand side of Figure 4.7 shows a comparison of the beam envelopes between an
infinitely short bunch, and a 3 ps rms long bunch. In the case of the infinitely short bunch, only the
β -functions and the emittance in the injection region contribute to the beam size, whereas in the case of a
long bunch, the phase extension on the transverse deflecting field increases the beam size in between the
deflectors. The main constraints on the beam size are the limit of the vacuum chamber and the thickness
of the septum in the chamber. Short bunches are therefore essential in order to limit the phase extension,
thus leaving some space for the septum (of thickness 10 mm) between the injected bunch and the first
circulating bunch and avoiding loosing the beam on the vacuum chamber. From that point of view,
simulations have shown that the maximum acceptable bunch length with the present injection scheme is
around 10 ps rms for a combination factor of five.
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4.3.3 Injection Processes
The simplest injection process makes use of the RF deflectors only. However, it is also possible to use
a combination of bumpers and RF deflectors. Indeed, the bumpers are located close to the RF deflectors
and can be used to add a static closed bump to the time-dependent bump of the deflecting cavities. This
provides a significant reduction of the angular deflection needed from the RF deflectors. Figure 4.8 shows
the simulated horizontal envelopes of Gaussian bunches of length 3 ps rms (truncated longitudinally at
±2σ ) in the injection region when using the RF deflectors only. The deflection angle on the crest of
the deflecting field is the nominal value of 4.5 mrad. In this case, the circulating beam corresponding to
phases of 4π/5 and 6π/5 is deflected away from the septum. On the other hand, Figure 4.9 illustrates the
situation where the bumpers and the deflectors are used together. The deflection angle for the deflectors
is 3 mrad on the crest of the deflecting field, and the angle in the bumpers is 1.5 mrad. In this case, the
beam horizontal envelopes are shifted closer to the septum. Both methods are experimentally feasible
and provide some flexibility in operation, although the first one was routinely used during the bunch
combination experiment.
As explained before, the two RF deflectors create a time-dependent bump of the equilibrium orbit in
the injection region. The resulting orbit lengthening is therefore not the same at each turn and could in-
duce pulse-to-pulse fluctuations in time and affect the combination. The orbit length difference between
the particles in the bump and the particles travelling on the closed orbit without any bump (straight
trajectory between the deflectors) can be calculated to estimate the possible deleterious effects.









x′2 + y′2 +(1+κxx+κyy)2 ds (4.22)
where κx (respectively κy) is the curvature in the horizontal (respectively vertical) plane, and x, y the
standard transverse coordinates. Since the injection region is located in a straight section κx = κy = 0,
and since the bump occurs only in the horizontal plane y′ = 0. Hence, the orbit lengthening between the












when keeping only terms up to the second order. This shows that the orbit lengthening in the injection
region is not a first order effect. The upper limit of the lengthening is obtained for the maximum de-
flection angle, which corresponds to the injection angle. In that case, the orbit lengthening of the total
bump between the two deflectors, spaced by approximately 19 metres, is of the order of 0.6 mm. This
value is very small, and smaller than the precision on the knowledge of the total orbit length in the ring,
which is of the order of the millimetre. In addition, it represents 2 ps in terms of time shift between the
bunches, which is also below the resolution of the streak camera. As a consequence, the effect of orbit
lengthening due to the time-dependent bump between the RF deflectors is not observable and does not
alter the combination process, for the level of precision required in the CTF3 Preliminary Phase.
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Figure 4.8: Simulated horizontal beam envelopes of the injected and circulating beams in the injection
region for a combination factor of five using the RF deflectors only. The bunch length is 3 ps rms,
longitudinally truncated at ±2σ and the normalised rms emittance is 15π mm mrad. From bottom to
top: injected beam, circulating beam with a phase of 2π/5, and circulating beam with a phase of 4π/5.
The straight lines are the limits of the vacuum chamber in the ring.
Figure 4.9: Simulated horizontal beam envelopes of the injected and circulating beams in the injection
region for a combination factor of five using the RF deflectors and the bumpers. The bunch length is
3 ps rms, longitudinally truncated at ±2σ and the normalised rms emittance is 15π mm mrad. From
bottom to top: injected beam, circulating beam with a phase of 2π/5, and circulating beam with a phase
of 4π/5. The straight lines are the limits of the vacuum chamber in the ring.
Chapter 5
Tracking
In order to check that the optics satisfies the requirements, a complete tracking through the linac, the
transfer line and the isochronous ring has been carried out. The tracking, made on the basis of the MAD
program, consists of computing the particle trajectories along the accelerator, and observe the particle
phase spaces. Such a tracking takes into account the higher order effects of the optics and allows to
estimate the optics stability and the possible losses. Particular attention is paid to the bunch length
preservation along the whole complex, as required for an efficient combination.
5.1 Tracking Method
The method consists in modelling the bunch using realistic parameters in the six-dimensional phase space
(x, px/p0,y, py/p0,c∆t,∆p/p), where c∆t and ∆p/p refers to the time and momentum of a particle with
respect to the reference particle of time t0 = 0 and momentum p = p0, and where px/p0  x′ and py/p0 
y′ in the paraxial trajectories approximation (see Section 2.2). In the following, the transverse phase
spaces are defined by (x,x′) and (y,y′), and the longitudinal phase space by (ct,∆p/p). The starting point
for the tracking is the output of the bunching system. The bunch is modelled in the six-dimensional phase
space by a distribution whose equal density surfaces are ellipsoids and whose projection in each subset
of the phase space is a Gaussian curve. This is done by generating the transverse distributions in the
normalised phase space (q,q′) where the phase space ellipse (see Figure 2.2 on page 19) is transformed
into a disk of radius
√
ε for a beam of emittance ε . There, two Gaussian distributions are generated
in both coordinates q and q′. Knowing the Twiss parameters at that point, the transformation from the
normalised phase space to the real phase space used for the tracking is done through the so-called Floquet














where (x,x′) and (q,q′) are respectively the variables in the real and normalised phase space, α and β
being the Twiss parameters at the point where the distributions are generated.
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Initially, simulations were done with the beam parameters extracted from preliminary beam studies
performed on the former LPI complex. In the following, the same simulations are presented using an
updated version of the beam parameters, corresponding to the measurements done during the commis-
sioning of the CTF3 Preliminary Phase. The normalised rms emittance is 20 π mm mrad and the bunch
length is 3 ps rms, according to the measurements performed at the end of the linac (see Sections 6.6 and
6.5). The initial momentum at the output of the bunching system is 5 MeV/c with an rms energy spread
of 3%, and the momentum at the end of the linac is the design value of 350 MeV/c. The tracking is done
with 3000 particles.
The accelerator optics is described through the standard MAD conventions [54], with the positions
and strengths of the magnetic elements along the machine. Since the CTF3 Preliminary Phase optics
files are split into three parts (linac, injection line, ring), the tracking is made in three steps. At the end
of each step, the particle distributions resulting from the last tracking are saved and used as an input for
the following part of the machine.
5.2 Tracking in the Linac
Figures 5.1 and 5.2 show the results of the tracking in the linac in the transverse and longitudinal phase
spaces. On each graph, the initial (green or grey dots) and final distributions (blue or black dots) are
shown. The initial point for the tracking is the output of the solenoid WL.SNF26 where the transverse
parameters are βx = 10 m , αx = +6.0, βy = 6.8 m , αy = +5.5, with p = 5 MeV/c and ∆p/p = 3 %
rms. The ellipses corresponding to the first-order initial and final transverse parameters are drawn on the
graph and correspond well to the particle distributions after the tracking, thus indicating that chromaticity
and higher order effects are very small in the linac. Since the momentum increases from 5 MeV/c to
350 MeV/c, the real emittances shrink and the final distributions are enclosed inside very narrow ellipses,
not visible on the scale of Figure 5.1.
Figure 5.1: Tracking results in the linac for the transverse phase spaces.
In the longitudinal phase space, the tracking shows the RF curvature given by second order terms
introduced during the acceleration in the RF cavities. Again, the relative rms energy spread is reduced
from 3% at the end of the bunching system to 0.2% at the end of the linac.
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Figure 5.2: Tracking results in the linac for the longitudinal phase space.
5.3 Tracking in the Injection Line
Figures 5.3 and 5.4 show the results of the tracking in the injection line. In the transverse phase spaces, a
small number of particles drifts away from the elliptical contour corresponding to the Twiss parameters
at the end of the injection line. By extracting the first and second order transfer matrices, it can be shown
that this small effect is highly dominated by chromatic effects. This was expected since the optics of the
transfer line does not include chromatic corrections (see Section 7.1).
Figure 5.3: Tracking results in the injection line for the transverse phase spaces.
In the longitudinal phase space, the distribution is almost unchanged between the input and the output
of the injection line. As seen in Figure 5.4, the changes are so small that the initial and final distributions
are undistinguishable. The bunch length is therefore constant. It must be noticed that the reference
momentum was chosen to be a mean value and not the maximum momentum value of the particles in the
bunch. This helps minimise the second order effects for large momentum spreads, especially the second
order isochronicity.
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Figure 5.4: Tracking results in the injection line for the longitudinal phase space.
5.4 Tracking in the Ring
Figures 5.5, 5.6 and 5.7 show the results of the tracking in the ring after five turns, as required to obtain a
bunch combination of factor five. The initial distributions correspond to the particle positions at the end
of the injection line, at the injection point. The final distributions are given at the same point after five
turns in the ring. The combination process with the RF deflectors is not simulated here. The tracking
including the kicks from the RF deflectors is presented in Section 5.5. The small differences between
the final transverse distributions and the first-order ellipse show the residual chromatic effects and the
higher order effects in the ring. The discrepancy between the initial and the final transverse distributions
remains small though, which shows the stability of the periodic optics.
The longitudinal phase space shows only a small bunch lengthening (the calculation gives 3.2 ps
rms after five turns in the ring instead of 3 ps rms at the beginning of the linac). The particles at high
∆p/p experience higher order effects and might be lost after several turns. But, in order to confirm the
stability of the machine, the tracking was extended to 100 turns in the ring and the losses remained at
low level (close to 1.5%), occuring only in the first turns on the restricted aperture of the RF deflectors
(see Section 5.5).
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Figure 5.5: Tracking results in the ring after five turns for the horizontal transverse phase space.
Figure 5.6: Tracking results in the ring after five turns for the vertical transverse phase space.
Figure 5.7: Tracking results in the ring after five turns for the longitudinal phase space.
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5.5 Tracking with the RF Deflectors
5.5.1 RF Deflector Model
In order to study the tolerances on the amplitude and the phase of the RF deflectors, simulations were
performed in the case of the CTF3 Preliminary Phase. A simple analytic model of the deflecting cavi-
ties was elaborated within the framework of the MAD program [54]. The RF deflector is described as
cylindrical collimator of length 27 cm, with a restricted aperture of 2.3 cm (compared to 10 cm for the
vacuum chamber) and with a transverse kick located at the centre of the structure. The kick is defined as
a thin element with transfer matrix elements up to the second order such that, if x denotes the horizontal
particle position,
x′ =−Acos(φ)




where A is the kick amplitude, φ the RF phase, ν the RF frequency, t the time coordinate of the particle
and ∆pp its energy spread. The zero order term represents the horizontal kick received by the beam in
the RF deflector. By convention, the sign is negative because the beam is injected from inside the ring.
The first and second order terms in time give the dependence of the kick with respect to the particle
longitudinal position within the bunch. Finally, the first order term in energy describes the dependence
of the kick on the energy, and expresses the fact that higher energy particles experience a smaller kick,
and smaller energy particles a stronger one.
In addition to the RF deflectors, another restriction in aperture was set around the septum where the
amplitude of the bump is maximum and where possible particle losses on the septum might occur.
5.5.2 Results
The initial conditions for the tracking correspond to a transversally matched beam at the end of the
injection line with transverse normalised rms emittances of 20 π mm mrad and with a nominal bunch
length of 3 ps rms described by a Gaussian distribution truncated at ±2σ . As before, these values of the
bunch length and of the emittance are derived from the measurements performed on the machine (see
Sections 6.5 and 6.6). The initial energy spread takes into account the phase extension of the bunches on
the 3 GHz RF wave during the acceleration in the linac, as shown in the previous sections. The tracking
is done for 1000 particles at the nominal energy of 350 MeV and for the nominal injection angle of
4.5 mrad. All graphs sketch the beam coordinates at the ejection point in the ring, on the opposite side
of the injection region.
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By tracking the bunches turn by turn, it is possible to simulate the bunch combination factor of five.
Figure 5.8 compares the phase space of a beam injected using the standard injection kicker with the final
phase space after a bunch combination of factor five. The statistical calculation of the emittance indicates
an emittance growth by 40%, which is still acceptable for the demonstration of the combination.
Figure 5.8: Simulated horizontal transverse phase space at the ejection point. Left: assuming a perfectly
uniform kick at injection. Right: after a bunch combination of factor five with the RF deflectors.
Figure 5.9 shows the reference situation without and with the relative energy spread given by the RF
curvature at the end of the linac (0.2 % rms). In this latter case, about 5% of the particles are lost in the
last turn, mainly in the restricted aperture of the deflectors. Chromatic effects are visible when adding
the initial energy spread. However, the beam stays within the vacuum chamber acceptance (diameter of
10 cm).
Figure 5.9: Simulated bunch combination factor of five: horizontal transverse position versus longitudi-
nal abscissa. Top: without initial energy spread. Bottom: with initial energy spread.
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5.5.3 Phase and Amplitude Tolerance Studies
The model described above was used to study the tolerances on the phases and the amplitudes in the
deflectors. These parameters are related to the stability of the RF power produced by the klystron-
modulator.
Two different types of phase error were studied. A relative systematic error of 5◦ in the phase of
the second deflector produces important losses of the order of 40% on the second deflector aperture
restriction. However, this kind of relative error can easily be corrected by the use of a phase shifter in
the wave-guide bringing the RF power to the deflector. In addition, these losses are closely related to the
restricted aperture of the deflectors, and the losses are reduced to less than 1% if the aperture is increased
from 23 mm to 40 mm. Indeed, a new type of deflector with similar properties but with a larger aperture
of 40 mm has been developed [55] at the “Istituto Nazionale di Fisica Nucleare” (INFN) in Frascati
(Italy) in the framework of the collaboration for the nominal phase of CTF3 and two of these cavities
were successfully tested at the end of the CTF3 Preliminary Phase. On the other hand, a phase error on
both deflectors does not have an important effect on the bunch position and the bunches are still within
the physical acceptance of the machine with losses below 5% for a ±5 degree variation, which is much
larger than the measured phase stability at the klystron exit (±2◦).
Simulations with kick errors show that a variation of ±3% on the nominal amplitude on both the RF
deflectors would lead to losses between 28% for a negative variation and 3% for a positive one. The




The layout of the CTF3 Preliminary Phase front-end is shown in Figure 6.1. It is composed of a
thermionic gun, a pre-buncher, a buncher and a quadrupole triplet, located before the first accelerating
cavity of the linac. Apart from the main focusing elements, Figure 6.1 also shows the beam diagnostics.
In particular, the beam current can be measured in the Electrode Capacitive Monitor (ECM), the Wall
Current Monitor (WCM) and in the beam position monitors (UMA), which also give the beam position.
Figure 6.1: Layout of the CTF3 Preliminary Phase front-end (side view).
The thermionic gun was built in collaboration with LAL and is a copy of an existing gun which is
used in the CLIO machine [56]. The cathode operates at 90 kV and delivers a current of 1 A through a
10 mm hole in the anode. A grid located between the cathode and the anode is operated with a variable
voltage in order to control the current. Each pulse has a nominal length of 6.6 ns in order to have about
20 electron bunches per pulse at the exit of the 3 GHz bunching system. This length can however be
varied between 4 ns and 10 ns.
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The main parameters of the CTF3 Preliminary Phase front-end are given in Table 6.1.
Element Value Unit
Nominal gun voltage 90 kV
Nominal gun current 1 A
Pulse length 4→ 10 ns
Nominal pulse length 6.6 ns
Number of pulses/train 1→ 7 -
Pulse train length (7 pulses) 2.6 µs
Pulse train repetition rate 50 Hz
Number of bunches/pulse 20 -
Nominal charge/bunch 0.1 nC
Nominal RF frequency 2.99855 GHz
Nominal RF wavelength 0.099979 m
Available RF power 30 MW
Temperature of the bunching system 30 ◦C
Final beam momentum 5 MeV/c
Table 6.1: Main parameters of the CTF3 Preliminary Phase front-end.
The beam-loading in the RF structures is the energy extraction from the electromagnetic fields by
the beam. In the accelerating structures of the linac, the beam-loading parameter is 0.2 MeV/nC per
structure. Within each pulse, the resulting full energy spread is about 3 MeV. Before the steady state is
reached, an additional energy spread of roughly 3 MeV occurs between the first two pulses. The total
full energy spread is therefore 6 MeV and is compatible with the ring acceptance of ±1%. Nevertheless,
this energy spread can be reduced by a factor two by dumping the first two pulses in the train of seven
pulses. Although a frequency multiplication factor of five requires only five pulses spaced by 420 ns,
the gun can produce a train of up to seven pulses. Indeed, the possibility to dump the first two pulses
and perform the combination with the last five was kept in order to reduce the total energy spread before
injecting into the ring.
The bunching system is composed of a single-cell pre-buncher and a standing-wave buncher. Both
operate at a nominal frequency of 2.99855 GHz, which corresponds to the wavelength λ0 = 0.099979 m.
The buncher is a 341 mm long triperiodic structure with three different periods: 0.92 λ0, 0.98 λ0 and λ0,
adapted to the increasing velocity of the particles. The bunching system is powered by a 30 MW klystron
(WL.MDK25) but only about 4 MW are necessary. The distance of 100 mm between the pre-buncher
and the buncher was optimised for a current of 3 A and a beam energy of 80 keV [57]. The nominal
current being equal to 1 A in the CTF3 Preliminary Phase, the bunching efficiency was optimised again
by tuning the amplitude and the phase of the pre-buncher and the buncher. Indeed, the RF network is built
such that the RF field amplitude and phase can both be adjusted in the pre-buncher and in the buncher
independently (see Figure 6.8 on page 67). The expected beam momentum at the output of the buncher is
about 5 MeV/c. This configuration is the same as the one used on the former LPI complex and although
the current is lower and the voltage slightly higher, no important changes are expected from the point of
view of the beam dynamics in the bunching system.
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After the bunching system, transverse matching is required to adapt the Twiss parameters at the exit
of the bunching system to the requirements of the linac optics. Here, the matching is made using one
solenoid and one quadrupole triplet. Since the transverse conditions are very similar to the ones of the
LPI complex, it was decided to keep the same configuration and currents for those elements. The solenoid
and the quadrupole triplet have independent power supplies. Four independent parameters are therefore
available in the transverse planes to compensate for any small variations on the initial conditions. At the
end of the front-end, a scintillator screen associated with a TV monitor (WL.MTV27) allows to check
the presence and shape of the beam before the first accelerating cavity.
6.2 Commissioning of the Front-End
The conditioning of the thermionic gun started in September 2001 by increasing the high voltage on the
cathode in small steps, while monitoring the vacuum in the gun. Within a few hours, the high voltage was
ramped up to the maximum voltage of 100 kV without problem. For the nominal value of the voltage
of 90 kV, the operating value of the vacuum is around 3×10−9 Torr. The current at the output of the
gun is measured by the Electrode Capacitive Monitor (WL.ECM25) located downstream the anode. By
varying the grid voltage, the current in the gun was varied from 50 mA to 1.8 A, with a variable pulse
length between 2 ns and 10 ns, according to the specifications. Figure 6.2 shows the ECM signal of one
electron pulse for the nominal current of 1 A.
Figure 6.2: ECM signal of one electron pulse at the output of the gun for the nominal current of 1 A.
Here, the pulse length is 5 ns FWHM.
The pulse can be observed at the end of the linac using the Cherenkov screen located in the instru-
mentation section and coupled with the streak camera. Figure 6.3 shows the picture of one pulse of length
7 ns FWHM. There are approximately 26 bunches separated by 333 ps (given by the 3 GHz accelerating
frequency) and the charge is close to the nominal value of 0.1 nC per bunch.
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Figure 6.3: Streak camera image of one electron pulse at the end of the linac. The vertical axis is the
transverse horizontal coordinate x.
The multi-pulse operation was also successfully tested. Figure 6.4 shows the five pulses spaced by
420 ns and the RF signals of the buncher and of the two modulators-klystrons used for acceleration. To
ensure a correct bunching and the same energy for all the pulses, the timing between the beam and the RF
pulses must be properly adjusted, taking into account the filling time of the accelerating cavities (about
1.3µs).
Figure 6.4: A train of five electron pulses spaced by 420 ns at the gun output, together with the RF pulses
of the bunching system and of the accelerating cavities (fed by the modulators-klystrons MDK27 and
MDK31). The electron pulses are located in the steady-state part of the buncher RF pulse and after the
filling time of the accelerating cavities (about 1.3µs).
The power in the modulator-klystron WL.MDK25 which feeds the bunching system, as well as the
settings of the attenuator and the phase shifter of the pre-buncher, were experimentally determined by
optimising at the same time the capture efficiency and the energy spread measured in the spectrometer
located at the end of the linac. As expected, these settings were close to the ones used in the LPI complex,
since the bunching system has the same configuration. About 60% of the current delivered by the gun was
captured and accelerated in the linac. This is a typical value for a bunching system without sub-harmonic
bunchers. The losses indeed occur in the buncher where some particles are much less accelerated than the
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core of the bunch and are subsequently lost. The optimisation is a trade-off between the charge captured
and the bunch length. The efficiency observed in CTF3 Preliminary Phase is however very close to the
theoretical expectation computed for the same bunching system configuration in the LPI complex, which
gave a transmission close to 65% [58].
The beam energy at the exit of the bunching system was measured by changing the current in one
steering coil while observing the position of the beam in the beam position monitor WL.UMA27 located
downstream, before the first accelerating cavity. The observed change in position is inversely propor-
tional to the beam momentum. The measurement was done using the dipole magnet WL.DQSA272H
(respectively WL.DQLA27V) in the horizontal (respectively vertical) plane. All the quadrupoles of the
first triplet located upstream the beam position monitor were switched off during the measurement, and
the peak power metre of the modulator WL.MDK25 was reading 4.3 MW. Figure 6.5 shows the hori-
zontal and vertical beam position read in WL.UMA27 as a function of the current in the steering coils.
Figure 6.5: Horizontal and vertical beam position in WL.UMA27 as a function of the current in the
dipoles WL.DQSA272H and WL.DQLA27V.
A linear fit resulted in slopes of 1.76 mm/A in the horizontal plane and 4.63 mm/A in the vertical plane.
It has been checked that the differences in position due to hysteresis effects were of the same order as the
resolution of the beam position monitor (±0.5 mm). Knowing the distance between the steering coil and
the beam position monitor and the excitation constant of the magnet (in Tm/A), it is possible to compute
the momentum p of the beam using the basic relationship
p = eBρ (6.1)
where e the electron charge, ρ the radius of curvature and B the magnetic field in the dipole magnet.
With the following excitation constants
κx = 0.66×10−4 Tm/A for WL.DQLA272H (6.2)
κy = 1.14×10−4 Tm/A for WL.DQLA27V (6.3)
the calculation leads to momenta of 5.2 MeV/c and 5.3 MeV/c respectively. These values are consistent
with the expected momentum value at that power level.
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6.3 Linac Design
The linac is composed of two parts: the accelerating section, located after the front-end, and the matching
and instrumentation section, located before the injection line. The layout of the accelerating part of
the linac from the first accelerating section (WL.ACS27) to the last accelerating section (WL.ACS34),
located before the matching section, is shown in Figure 6.6. In addition to the two wire beam scanners
(WBS) shown in the drawing, beam position monitors are located in between each accelerating section.
Figure 6.6: Layout of the CTF3 Preliminary Phase linac between the front-end and the matching section
(top view). WL.QNFA, WL.QNFB and WL.QNFC are the three quadrupole families available in the
linac and WL.QLB28 and WL.QLB29 are two independent quadrupoles. WL.WBS28 and WL.WBS31
are two wire beam scanners used for beam size measurements.
Since the linac has been shortened compared to its original configuration in the LPI complex, a
new optics was mandatory. However, for simplicity, none of the existing quadrupoles installed on the
accelerating sections was moved. For all optics calculations, the reference point was the entrance of the
accelerating section WL.ACS28. Initial transverse parameters at this reference point were calculated on
the basis of previous optics measurements done on the LPI complex [19, 20], assuming that the beam
parameters at the end of the front-end were the same as before. In any case, the triplet at the end of the
front-end as well as the quadrupoles around the first accelerating section WL.ACS27 provide enough
flexibility to adjust the beam parameters at the reference point, if necessary. The optics simulations
for the linac were done using a special version of the MAD program which includes acceleration in
travelling-wave cavities [54, 59]. However, one peculiarity of the linac is that the quadrupoles are located
around the accelerating sections, thus superimposing the acceleration field and the focusing field. Since
this configuration is not handled in the standard simulation codes, a special treatment was necessary
and is presented in Section 6.6. The current in the quadrupoles of the linac are chosen so that the β -
functions in the linac do not exceed 30 metres, thus reducing the chromatic effects and ensuring an easy
transport of the beam. Figure 6.7 shows the design optics in the linac and the matching section. The
larger β -functions in the matching section are imposed by the transverse matching to the injection line
(see Section 7.1). It was checked with simulations that the sensitivity of the β -functions to the initial
transverse conditions or to the quadrupole gradients is small along the accelerating sections.
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Figure 6.7: Design optics in the linac and the matching section: horizontal (solid line) and verti-
cal (dashed line) β -functions. The initial point is the output of the front-end (end of the solenoid
WL.SNF26), and the final point is the beginning of the injection line (WL.UMA37).
In order to reach the nominal momentum of 350 MeV/c, each of the eight accelerating cavities must
provide an energy gain of 43 MeV. The accelerating sections are powered in groups of four by two
45 MW modulator-klystrons located in a separate gallery, above the linac. Figure 6.8 shows a schematic
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Figure 6.8: Schematic drawing of the power plant for the CTF3 Preliminary Phase linac.
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After the last accelerating section and before the injection line, the matching section provides the
final adjustments to the transverse conditions at the entrance of the injection line. The layout of this
matching and instrumentation section is shown in Figure 6.9.
Figure 6.9: Layout of the matching and instrumentation section at the end of the linac (top view).
The transverse parameters at the end of the linac are fixed by the transverse functions required at the
injection point in the ring, all quadrupole currents of the injection line being fixed by the beam dynamics
requirements in the line. The reference point at the end of the linac is the location of the last beam
position monitor WL.UMA37 where the design transverse parameters are
• βx = 106 m and αx =+40
• βy = 61 m and αy =+16 .
In operation, these values are reached by changing the currents in the quadrupoles of the matching sec-
tion, on the basis of measurements and matching procedures (see Section 6.6). The matching is made
easier by the possibility of tuning independently the gradients of the five quadrupoles available in this
section. This flexibility allows to compensate for variations of the Twiss parameters in the upstream
section. The accurate measurement of the beam parameters at the entrance of the matching section fol-
lowed by a re-matching ensures the correct transverse conditions at the end of the linac. The goal of this
section is also to provide a full characterisation of the beam properties before the injection into the ring.
In addition to the standard beam position monitors, a wire beam scanner (WL.WBS37) and a Transition-
Cherenkov Monitor (WL.TCM37) are located in the straight line (see Figure 3.6 on page 29). Thanks to
an optical transport line which transports the light emitted in the Transition-Cherenkov screens to a streak
camera, time-resolved measurements are possible. A dipole magnet (WL.BSH36) is also implemented in
this section and acts as a spectrometer magnet which deflects the beam onto a small beam line equipped
with a Secondary Emission Monitor (SEM-grid WL.MSH36) and another Transition-Cherenkov Monitor
(WL.TCM36). The nominal bending angle in WL.BHZ36 is 35◦. Since the dispersion at the SEM-Grid
location is about 0.5 m and the SEM-grid wires are spaced by 2 mm, the energy resolution is about 0.4%.
With 20 wires, the acceptance on the WL.MSH36 screen is about 8%. Assuming that βx can be tuned
down to 1 m in WL.MSH36, with a rms normalised emittance of 20 π mm.mrad, the rms beam size for
a monochromatic beam is around 0.14 mm and should thus not limit the spectrometer resolution.
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6.4 Commissioning of the Linac
The beam transport in the linac was relatively easy to achieve in the first days of operation. The new
optics was implemented and proved to be efficient with zero losses from the exit of the front-end to the
injection line. Figure 6.10 indeed shows a constant intensity after the front-end, within the limits of the
measurement precision. As explained before in Section 6.2, the capture efficiency between the gun and
the linac is between 50 and 60%. The momentum acceptance in the linac was also tested by switching
off the second modulator powering the last four accelerating sections. Under these conditions, the beam
is accelerated up to half its nominal momentum (about 170 MeV/c), but was transported up to the end of
the linac without changing the optics, thus showing a large momentum acceptance.
Figure 6.10: Beam transmission efficiency from the gun to the injection line seen in the beam position
monitors.
In standard operation, the momentum was lowered to 332 MeV/c compared to a design momentum
of 350 MeV/c, because the power at the output of the modulators was reduced to ensure a more stable
operation of the power distribution network. This change does not affect the demonstration of the com-
bination process which can be done in principle at any energy. However, the knowledge of the beam
momentum absolute value in the linac is important to model the transverse beam dynamics. The usual
way to measure the beam momentum is to use the spectrometer line located at the end of the linac.
Knowing the nominal deflection angle θ in the spectrometer magnet, the beam momentum is given by
the basic formula




where the integrated field is extracted from the calibration curve of the spectrometer magnet WL.BHZ36.
This measurement was cross-checked with another method consisting in using the first two bending mag-
nets of the injection line as a spectrometer (see Figure 7.1 on page 86). These two dipole magnets being
identical, the ratio of their currents is fixed by the ratio of the their deflection angles (respectively 9◦ and
20◦). After adjusting the steering in the linac so as to make the beam enter the first dipole magnet on
the central orbit, the currents in the dipoles were set to align the beam on the central orbit and the ratio
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of currents found experimentally was the expected one. The momentum is then deduced from the value
of the currents using the relationship (6.4). During the measurement, the quadrupoles of the injection
line were all switched off to avoid any kicks in the beam trajectory resulting from possible misalign-
ments of the quadrupoles. These two methods gave slightly different results. The momentum read in
the spectrometer line was always 5% higher than the momentum measured in the bending magnets of
the injection line, which gave a beam momentum of 332± 3 MeV/c under standard operating condi-
tions. This value was confirmed by trajectory studies in the linac, indicating a final beam momentum
of 331 MeV/c [28]. A possible explanation for the discrepancy between the two methods is that, the
spectrometer magnet WL.BHZ36 being tilted with respect to the linac axis (see Figure 6.9 on page 68),
the beam trajectory could partly deviate from the ideal path in the good field region of the magnet, which
makes the calibration curve used in equation (6.4) inaccurate.
A less precise measurement of the beam momentum consists in computing the energy gains in the
accelerating sections from the reading of the peak power meters that measure the power at the output of
the modulators. This method gives the maximum available energy which is an upper limit of the beam







Rs L Pk 10−αi/10 (6.5)
where Rs is the shunt impedance of the accelerating cavity, L its effective length, αi the attenuation
factor of the waveguides between the klystron k and the accelerating section i, and Pk the peak power
at the klystron output. With L = 4.572 m, the following values were measured some time ago on the
LPI complex: Rs = 54.2 MΩ/m, and the attenuation factors averaged for each klystron: αMDK25 = 6.41,
αMDK27 = 6.39 and αMDK31 = 6.45. As expected, the momentum calculated using this method always
gave values of the order of 3% higher than with the spectrometer. It must be noted that many effects
contribute to decrease the beam mean energy with respect to the total available accelerating voltage (the
bunch phase extension, the phase jitter, the possible errors in the relative phases between the klystrons,
the initial energy spread from the bunching system, the beam-loading effects in the linac). In spite of
its lack of absolute precision, this method is used to compute the variable momentum along the linac.
In the model, equation (6.5) is evaluated after normalisation to the absolute final momentum read in the
bending magnets of the injection line.
6.5 Bunch Length Measurements
Short bunches are essential for an efficient bunch combination using RF deflectors. The upper limit for
the bunch length can be inferred from the analysis of the injection scheme and is about 10 ps rms, as
detailed in Section 4.3. Prior to the combination experiment, an important amount of time was dedicated
to precise measurements of the bunch length at the end of the linac. The bunch length preservation
downstream the linac and during the bunch combination in the ring is guaranteed by the isochronous
property in the injection line and in the ring (see Sections 2.2, 7.1 and 8.1).
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6.5.1 Experimental Method
The technique described in the following aims at precisely measuring the bunch length at the end of
the linac and is based on the relationship between the energy spread and the phase of the accelerating
RF wave. Provided the charge is low enough, beam-loading between the buncher and the measurement
point is negligible, and the main contribution to the energy spread for a given bunch length depends on
the position of the bunch on the RF cosine wave, as schematically shown in Figure 6.11. During the
measurement, the phase between the buncher and the accelerating structures is varied, while the energy
spectra are monitored downstream in a spectrometer. The properties of the longitudinal distribution are
then extracted from the energy spectra. Assuming a Gaussian shape for the bunches and an uncorrelated
energy spread, the experimental values can be compared to the calculations in order to assess the bunch
length. In the following, no distinction is made between the momentum and the energy of the particles
since they are ultra-relativistic at the end of the linac (β  1).
Figure 6.11: Principle of bunch length measurement in the linac: Energy spread variation as a function
of the phase on the accelerating RF wave. Top: the bunch is on the crest (left) and the energy spectrum
is narrow (right) with a small energy spread. Bottom: the same bunch is shifted away from the crest and
the energy spread is larger.
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Theoretical Background
In the approximation of a Gaussian bunch, the knowledge of the acceleration phase and of the bunch
length leads to the analytical expression of the energy profile seen in the spectrometer. The longitudinal










where t is the time variable. The reference t0 = 0 corresponds to a bunch centred on the crest of the
accelerating wave. The energy gain at the measurement point is given by the field in the travelling-wave
cavities
E(t) = E0 cos(2πνt) (6.7)









, −E0 ≤ E ≤ E0 (6.8)
which represents the time distribution of the particles inside the bunch as a function of their energy E.
The energy dependence of the time distribution allows to insert (6.8) into (6.6) and, using the derivative
of (6.8) with respect to E, the transformation
n(t)dt −→ n(t(E))dt(E)dE dE = n(E)dE (6.9)
leads to the energy distribution n(E) as a function of µ and σ . By definition, the normalisation factor N




























from which are computed the rms energy spread and the mean energy through the usual definitions
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The mean energy and the rms energy spread are therefore functions of the bunch length σ and of the
position of the bunch on the accelerating wave given by t0. In practice, the acceleration of a Gaussian
bunch distribution of given length containing one thousand particles is simulated using equation (6.7),
from the output of the bunching system to the measurement point. The final mean energy and energy
spread are calculated from the final distribution, and then compared to the measurements.
The phase of the particles is assumed to remain constant from the output of the buncher to the
measurement point, which is not fully true at low energy. Therefore, as reported and calculated in [60],
the agreement between the calculated and the measured spectra is expected to be better at high energy.
Experimental Determination of the Dispersion in the Spectrometer
The computation of the energy spread read in the spectrometer requires the knowledge of the dispersion
at this point. Since no precise model of the spectrometer magnet and of its fringe fields was available,
the value of the dispersion could not be calculated with precision. It was therefore decided to measure it
experimentally. For that purpose, the mean energy E of the beam was measured for two different values
I1 and I2 of the current in the spectrometer, positioning the beam within the spectrometer acceptance at
distances ∆x1 and ∆x2 from the central wire. The energies E01 and E02 corresponding to the central wire
being independent of the dispersion D, this gives the following system



















This method gave a value for the dispersion of 0.45 m, compared to 0.5 m given by the MAD model of
the spectrometer line. In the following, the experimental value is retained for the calculations.
Experimental Bunch Length Measurement Process
The contribution of the beam-loading to the energy spread must be negligible to ensure the accuracy of
the method. By increasing the bias voltage applied to the extraction grid of the gun, the charge in the
pulse is reduced. At low charge, the contribution of the beam-loading to the energy spread is minimum.
Figure 6.12 shows the relative energy spread, read in the spectrometer, as a function of the pulse charge,
read in the beam position monitor WL.UMA36 located upstream the spectrometer magnet (see Figure 6.9
on page 68). The working point is chosen in the flat part of the curve showing a small contribution of the
beam-loading to the energy spread. Assuming twenty bunches in the pulse of charge 1.6 nC, the working
point corresponds to a charge per bunch of 0.08 nC, close to the nominal value of 0.1 nC per bunch.
Since three independent modulator-klystrons are used to power the linac (see Figure 6.8 on page 67),
three tunable phases are available: the phase of the modulator-klystron WL.MDK25 powering the bunch-
ing system (pre-buncher and buncher), the phase of the modulator-klystron WL.MDK27 powering the
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Figure 6.12: Relative energy spread read in the spectrometer as a function of the pulse charge. The
working point for the bunch length measurement is shown.
first four accelerating sections, and the phase of the modulator-klystron WL.MDK31 powering the
last four accelerating sections. The method used in the following consists in changing the phase of
WL.MDK27. The other methods were also tested during other measurement sessions and gave similar
results [20, 27]. In the present case, the bunches are therefore accelerated with a non-zero phase in the
first part of the linac and then on the crest in the last four cavities. The tuning range of the phase is
limited by the horizontal acceptance in the spectrometer: the further from the crest, the larger the energy
spread and the wider the spectrum in the spectrometer. If the horizontal acceptance of the spectrometer
is not large enough to cover the whole spectrum at high phase shifts, the tails of the spectrum are cut,
and the measured rms energy spread is smaller than the real one. Given this limitation, about four or five
points on each side of the crest can be recorded. For each point, the current value in the spectrometer
magnet is adjusted to have a centred distribution in the spectrometer before taking the data. Figure 6.13
shows the energy spectra seen in the spectrometer magnet for the phases Φ = 0◦ and Φ = 35◦ of the
modulator-klystron WL.MDK27. Gaussian fits are made to check that the Gaussian approximation is
valid, even for large spectra. For the analysis, the mean energy and the rms energy spread are computed
directly from the measured distribution. Both the calculated and the fit values are in good agreement,
except for the measurements at large phases, where the Gaussian shape is not accurate anymore and for
which the calculation better reflects the large energy spreads.
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Figure 6.13: Energy spectra seen in the spectrometer for the klystron modulator WL.MDK27 phase
Φ = 0◦ (left-hand side) and Φ = 35◦ (right-hand side). A Gaussian fit of the energy profile is also
plotted.
6.5.2 Results
By plotting the mean energy of the beam (computed as above) as a function of the relative phases on the
RF, it is possible to check the consistency of the data and deduce the values of the absolute phases with
respect to the crest. Figure 6.14 shows the beam mean energy as a function of the phase shift introduced
by changing the phase of WL.MDK27. As expected, the points describe the top of a cosine wave
E(µ) = A+Bcos(µ) (6.17)
where the phase µ is zero when the bunch is on the crest, corresponding to the maximum acceleration
and the minimum energy spread. The absolute values of the phases are extracted from the cosine fit done
on the mean energy and also shown in Figure 6.14.
The plot of the energy spread is used to infer the value of the bunch length by comparison with
the simulations for a given bunch length. In the spectrometer, the energy spectra are extracted from
the transverse size of the beam in a dispersive region (D = 0.45 m in the spectrometer). However, the
dispersion is not the only contribution to the beam size. Although the emittance is small, the contribution
of the β -function in the spectrometer might not be negligible. The uncorrelated energy spread at the
output of the buncher should also be taken into account. Eventually, the beam jitter contributes to the
beam size read by the spectrometer. Since the mean energies and the rms energy spreads are symmetric
with respect to the crest, no effect of the phase motion between the buncher and the measurement point
is expected. All these contributions are gathered in a systematic, global, uncorrelated energy spread σ0.
The experimental values σE are therefore corrected as follows
σ2corr = σ
2
E −σ20 . (6.18)
This correction is applied on the experimental data set and the points are then compared to the calcu-
lations done for a given bunch length, as previously explained. In the present case, the uncorrelated
energy spread is σ0 = 0.7 MeV, which is a rather reasonable value, consistent with other data set taken
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on different days. The results are presented in Figure 6.15 which shows that the measured energy spread
is compatible with simulations for a bunch length of 2.0 ps rms with a precision of ±0.4 ps rms. The
slope of the line is very sensitive to the bunch length, which gives to this method a precision of the order
of one picosecond. The conclusion of these measurements is that the bunch length at the end of the linac
is of the order of 2.0 ps rms. The same measurement was repeated on different days with a higher charge
per pulse (2.0 nC instead of 1.6 nC) and gave similar results with a bunch length of the order of 3 ps rms.
These values are well within the tolerances for the bunch combination using RF deflectors, the upper
limit for the bunch length being about 10 ps rms (see Section 4.3).
Figure 6.14: Mean Energy as a function of the phase shift on the RF wave.
Figure 6.15: Energy spread as a function of the phase shift on the RF wave and simulations for a bunch
length of 2.0±0.4 ps rms.
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6.5.3 Comparison with Streak Camera Measurements in the Linac
In the instrumentation section located at the end of the linac, the Transition radiation screen or the
Cherenkov screen of WL.TCM37 can be alternatively put in the beam path. The light generated in the
screens is then brought to the streak camera laboratory thanks to an optical transport line. The streak
camera images of the bunches allow a direct measurement of the bunch length and provide a cross-check
of the measurements performed in the spectrometer using the phase method.
The resolution of the bunch length measurement using the streak camera has inherent limitations. The
two main limitations are given by the slit aperture (see Appendix A) and by the chromatic aberrations
in the light optical transport line between the Transition or the Cherenkov screen and the streak camera.









where σreal is the real value of the rms bunch length, σslit the contribution of the slit to the measured
bunch length, and σchrom the contribution of the chromatic aberrations. By measuring the bunch length
for different slit apertures, σslit was estimated to be of the order of 2–3 ps. The chromatic effects can be
minimised by using an optical filter in front of the streak camera. Among various filters, the 550±20 nm
and 500± 20 nm passband filters (green light) gave the best chromatic corrections, hence the shortest
bunch length (see Section 9.3.1 for details). In that case, it can be assumed that σchrom  0. In the end,
the measurement is limited by an overall resolution of about 3 ps rms, and only gives an upper limit of
the bunch length. According to the last calibration performed with different operating conditions [61],
the streak camera resolution was found to be about 2.5 ps rms, which is consistent with the present value.
Both the Cherenkov and the Transition screens gave similar images, although the light intensity
with the Transition monitor is lower. Figure 6.16 shows an example of a bunch profile measured in
the Transition screen of WL.TCM37, with a measured bunch length of 3.1 ps rms, obtained with the
minimum slit aperture.
Figure 6.16: Bunch profile recorded in the Cherenkov screen of WL.TCM37 and Gaussian fit. Here, the
fit gives a bunch length of 3.1 ps rms.
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Over the few measurements performed, the mean value of the measured bunch length is about 4.0 ps
rms, which corresponds to a real rms bunch length of 2.6 ps with σchrom  0 and σslit  3. This value is
fully compatible with the bunch length of 2.0 ps rms obtained using the phase method (see Section 6.5).
The indirect method using the energy spectra has a higher precision in this range of bunch length,
but all the methods gave consistent results with an upper limit for the bunch length in the linac around
3 ps rms, well below the limit of 10 ps rms required for the bunch combination (see Section 4.3).
6.6 Transverse Optics Measurements
6.6.1 Experimental Method
The method used to determine the lattice functions at one location along the linac is the quadrupole scan.
The measurement consists in varying the current in one quadrupole and monitoring the beam size in a
downstream wire beam scanner (WBS). Knowing the transfer matrix between the quadrupole and the
wire beam scanner, a fit of the data is used to determine the beam emittance ε and the Twiss parameters
β and α at the entrance of the quadrupole used for the scan.
Let M be the 2×2 transfer matrix of the lattice between the entrance of the quadrupole used for the
scan and the wire beam scanner. Since the beam propagates on a straight line in a dispersion-free region,
a two-dimensional treatment (without dispersion in the transfer matrices) is sufficient. From a general
point of view, M is a product of drift space and finite length quadrupole matrices. As a consequence, it











is the normalised gradient of the quadrupole used for the scan, G being the field gradient expressed in
terms of the current in the quadrupole, and p the beam momentum. The β value βWBS at the location of
the WBS can be expressed in terms of the initial Twiss parameters α0 and β0 and of the elements of the
matrix M (see equation (2.32) on page 20). The initial emittance ε0 and the initial Twiss parameters α0
and β0 are therefore three free parameters. The profile of the beam read from the WBS gives a measure of
the rms beam size
√
ε0βWBS, and the appropriate three-parameter function used to fit the data is therefore
√









This method is valid for a fixed momentum p, in which case the emittance ε0 is constant between the
quadrupole and the measurement point and the transfer matrix M is relatively easy to compute. The
result of the fit gives the Twiss parameters at the entrance of the quadrupole used for the scan.
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This technique was used at the end of the linac in order to determine the correct transverse matching
at the entrance of the injection line. The quadrupole scans were performed in the wire beam scanner
WL.WBS37 at the end of the linac and one of the quadrupoles of the triplet in the matching section
was used to produce the scan (see Figure 6.9 on page 68). In order to validate the model of the linac,
quadrupole scans were also performed upstream in the linac, using the wire beam scanner WL.WBS31
located after the first four accelerating sections and the quadrupole WL.QLB29 located between the
accelerating sections ACS28 and ACS29 (see Figure 6.6 on page 66). Since the beam undergoes ac-
celeration between the quadrupole and the measurement point, the previous method is not valid and
a direct calculation of the Twiss parameters at the entrance of WL.QLB29 is rather cumbersome. In-
stead, the lattice parameters at the entrance of WL.QLB29 are derived from the measurements done in
WL.WBS37 by “back-tracking” using the simulation code. These initial values are then used to simulate
the scan in WL.WBS31 for comparison between the experimental scan and the simulated scan using the
experimentally found initial conditions.
6.6.2 Model for Quadrupole Around Accelerating Sections
The optics simulations in the linac were initially based on the TRANSPORT program [62] with two
major drawbacks: The RF focusing at the entrance and at the exit of the accelerating sections was not
simulated, and the quadrupoles located around the accelerating sections were not properly described.
Recently, a new version of the MAD program, including the acceleration in a travelling-wave structure,
was released [59]. It was then preferable to use this version which takes into account the RF focusing.
The use of MAD is indeed convenient for compatibility with the rest of the CTF3 machine which is
described using MAD. However, no description of the quadrupole around the accelerating section was
available so that an analytical model had to be developed and implemented.
In the linac, the accelerating sections are 4.572 metres long and the quadrupoles are installed around
the sections so that focusing (or defocusing) and acceleration are superimposed. This configuration was
initially described using a negative drift method: acceleration up to the centre of the quadrupole, drift
in the backward direction down to the entrance of the quadrupole, quadrupole, drift in the backward
direction down to the centre of the quadrupole, acceleration up to the exit of the quadrupole. In that case,
the quadrupole is split into two parts, but, to increase the accuracy of the method, the same sequence
could be applied several times so that the quadrupole is split into several slices of decreasing strength. A
more precise method consists in deriving an analytical 6×6 first-order transfer matrix of the quadrupole








where R1, R2 and R3 are 2×2 transfer matrices in the MAD phase space. Appendix B gives the com-
plete calculation of the matrix, based on the integration of the Lorentz equation with both the electric
and magnetic fields. The same appendix also gives the way the matrix was implemented in the MAD
program.
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Studies were carried out to validate this new model of the existing linac before the commissioning of
the CTF3 Preliminary Phase and beam time was dedicated to lattice measurements in order to assess the
validity of the model [21]. The comparison with the negative drift description showed that both methods
gave similar results from the linac optics point of view. During the commissioning of the linac, the new
model was available on-line and also used off-line for data analysis.
6.6.3 Results
Transverse Measurements in the Matching Section
Among all the quadrupole scans performed in the matching section, the two measurements presented
here were done using the quadrupole WL.QNF351 for the scan while observing the beam size in the
wire beam scanner WL.WBS37. The main purpose of these measurements was to calculate the Twiss
functions at the exit of the linac, in order to re-match the transverse parameters in the matching section
and provide a good matching at the entrance of the injection line. These scans were also used to check
the optics of the linac and compare it to the design optics. Two series of measurements were performed
on two different days but with the same final momentum of 332 MeV/c and the same optics conditions.
A comparison of the two scans is important to check the reproducibility of the machine.
Each beam profile is recorded and analysed off-line by performing a Gaussian fit on the raw data.
Figure 6.17 shows an example of the wire beam scanner data in the horizontal plane fitted with a four
parameter Gaussian of type





where x is the horizontal coordinate.
Figure 6.17: Example of wire beam scanner data with Gaussian fit during a quadrupole scan.
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Once the beam sizes are extracted, the comparison of the values taken on two different days under
the same optics conditions allows to conclude that the machine is reproducible and stable. Figure 6.18
shows the results obtained during the two scans in both transverse planes.
Figure 6.18: Comparison of two quadrupole scans performed on different days under the same optics
conditions. Horizontal and vertical rms beam sizes in the wire beam scanner WL.WBS37.
The data are then studied with the method described in Section 6.6.1 in order to derive the Twiss
parameters at the entrance of the quadrupole WL.QNF351. Figure 6.19 shows an example of the fit
obtained with this method for the first data set in the horizontal plane. Table 6.2 gives the numerical
results for the transverse parameters. The values obtained from the two sets of measurements are identical
in the horizontal plane, and rather close in the vertical plane, which shows the stability of the machine
from one day to the other.
Figure 6.19: Horizontal quadrupole scan in WL.WBS37 (first data set) and fit curve. The corresponding
Twiss parameters are given in Table 6.2.
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Twiss parameters First Data Set Second Data Set
βx (m) 24 24
αx −0.65 −0.66
εx (π mm mrad) 15 15
βy (m) 26 32
αy −3.4 −4.4
εy (π mm mrad) 17 17
Table 6.2: Twiss parameters and normalised rms emittances measured at the entrance of WL.QNF351
with a quadrupole scan in WL.WBS37.
These values were used to compute the currents of the quadrupoles in the matching section in order to
obtain a good matching. In theory, these matching operations should be repeated at each run. However,
once the reproducibility is observed and the matching values are implemented, only a few other scans
were performed during the commissioning. Their results proved to be close to what has been previously
calculated and only minor adjustments took place.
Transverse Measurements in the Linac
In order to validate the model of the linac, some measurements were performed in the wire beam scanner
WL.WBS31 located between the fourth and the fifth accelerating sections, in the middle of the linac.
The upstream quadrupole WL.QLB29 was used for the scan. Since the direct calculation of the Twiss
parameters using the preceding method is made complicated by the acceleration between the quadrupole
and the measurement point, the method consists in simulating the scan and comparing to the data.
The MAD model of the linac allows to find the Twiss parameters at the entrance of WL.QLB29 that
satisfy the transverse conditions previously determined in WL.QNF351. Using the second set of data,
the values at the entrance of WL.QLB29 are
• βx = 59 m and αx =−8.9
• βy = 25 m and αy =−2.8
and can be used as input values to simulate the scan by varying the current in the quadrupole WL.QLB29.
The comparison between the simulated scan and the experimental data is shown in Figure 6.20 for the
horizontal and vertical planes. The agreement is very good, thus providing a high confidence level in the
model which can therefore be used to precisely infer the values of the Twiss parameters at any point of
the linac, from a measurement performed at the end of the linac.
The complete experimental optics in the linac is shown in Figure 6.21 for standard experimental
conditions, and is very close to the design optics previously shown in Figure 6.7 on page 67.
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Figure 6.20: Comparison between the experimental and simulated quadrupole scan done in the middle
of the linac using initial transverse parameters derived from a measurement performed at the end of the
linac.
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Figure 6.21: Experimental optics in the linac during standard operation: horizontal (solid line) and
vertical (dashed line) β -functions.




The injection line between the linac and the ring has to meet several requirements for the CTF3 Prelimi-
nary Phase. The main modification compared to the LPI injection line consists in having an isochronous
lattice, in order to avoid direct bunch lengthening from the linac to the ring. In addition, the horizontal
and vertical dispersion functions and their derivatives must be zero at both ends of the line (achromatic
condition) where the transverse lattice functions must also be matched. On top of that, in order to keep
chromatic effects at a low level, the β -functions in both planes must be as low as possible. To avoid
additional work and costs, the overall geometry of the line remained the same, which means that the
bending magnets were neither moved nor changed compared to the previous situation. From the optics
point of view, the requirements on the new injection line are therefore the most stringent of the complex.
The design of the injection line was mainly driven by the isochronicity condition. On top of being







ρ(s) ds = 0 . (7.1)
This condition depends on the dispersion function which must be such that the ratio D/ρ changes sign
along the line. The optics of the line was chosen in order to minimise the maximum β -functions in the
line for a beam matched to the ring, while maintaining the isochronous condition. For that purpose,
two new focusing quadrupoles were needed in order to control the dispersion: one upstream the dipole
HIE.BHZ10, near the beginning of the line, and the other one downstream the dipole HIE.BHZ30, just
before the first injection septum, as shown in the layout of the new injection line for the CTF3 Preliminary
Phase in Figure 7.1. In addition, four out of the five existing quadrupoles in the central straight part of
the line were moved and all were fed by independent power supplies to allow more flexibility. In this
optics solution, all quadrupoles are used in a global way to cope with all constraints: the small αc
factor, the horizontal and vertical dispersion matching and the transverse Twiss parameters behaviour. A
different optics was studied, with no dispersion in the central straight part of the injection line. This had
the advantage of partially decoupling the transverse matching from the dispersion matching, but it was
abandoned, because it required quadrupoles stronger than those available.
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Figure 7.1: Layout of the injection line between the linac and the ring for the CTF3 Preliminary Phase
(top view).
Figure 7.1 also shows the beam diagnostics available in the injection line. Three beam position
monitors (UMA) and three scintillator screens (MTV) are distributed along the line to help follow the
beam through the line. In the straight section of the line, a wire beam scanner (WBS) and a SEM-grid
(MSH) are also available.
The β -functions of the new lattice are shown in Figure 7.2. All the quadrupole currents being fixed by
the conditions on the dispersion function, the initial transverse parameters (see Section 6.3) are imposed
by the required conditions at the injection point in the isochronous ring, which are
• βx = 50 m and αx =+3.7
• βy = 6.6 m and αy =−1.5 .
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Figure 7.2: Design horizontal (solid line) and vertical (dashed line) β -functions along the injection line
between the linac and the isochronous ring.
The dispersion functions are shown in Figure 7.3. The vertical dispersion differs from zero because
of the two vertical bending magnets used to match the linac and the ring heights. This configuration gives
a momentum compaction factor |αc|  4×10−4, which is much smaller than in the former injection line
of the LPI complex (|αc|  5× 10−2) and well within the requirements, as shown by particle tracking
(see Section 5.3). The dominant dependence of the path length on the energy is then given by second
order terms, as illustrated by Figure 7.4 which shows the variation of the path length as a function of the
relative momentum error. Such an effect is still acceptable since the bunches used for the combination
go through the injection line only once during the whole combination process. This will not be true for
the ring where the second order isochronicity must also be taken into account.
7.2 Dispersion Measurement
7.2.1 Experimental Method
Dispersion measurements were performed in the injection line in order to check the consistency of the
dispersion pattern between the experimental settings and the design optics. For this purpose, all the
diagnostic available in the injection line was used: the scintillator screens HIE.MTV01, HIE.MTV23,
HIE.MTV30, the beam position monitors HIE.UMA21, HIE.UMA22, HIE.UMA23 and the secondary
emission monitor HIE.MSH23. The principle of the measurement is to vary the energy while recording
the displacement of the beam in each diagnostic. The dependence of the horizontal and vertical beam
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Figure 7.3: Design horizontal (solid line) and vertical (dashed line) dispersion functions along the injec-
tion line between the linac and the isochronous ring.














Figure 7.4: Variation of the path length for a relative momentum error of ±1% and a zero emittance
beam in the injection line.
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position u on the energy deviation was introduced in Section 2.1 with the definition of the dispersion Du





When plotting the displacement of the beam in one transverse plane as a function of the energy, the
slope of the graph gives the value of the dispersion at the measurement point. However, changing the
energy in the linac requires to correct the steering of the beam at the end of the linac and modifies the
initial conditions in the injection line. To avoid this and make the measurement easier, relative energy
variations were simulated by changing the currents of all magnetic elements of the line. The resolution
in the measurement of the position of the beam is very different from one diagnostic tool to the other:
the beam position monitors are the most sensitive ones (with a resolution of ±0.5 mm, including beam
jitter), while the scintillator screens are less precise (with a resolution on the screen of ±2.5 mm). In the
following, the measurements are compared with the results of MAD simulations.
7.2.2 Results
Figure 7.5 shows an example of the dispersion measurement performed in the beam position monitor
HIE.UMA22. The dispersion value is given by the slope of the curve.
Figure 7.5: Example of a dispersion measurement in the injection line using a beam position monitor
(HIE.UMA22). The error bars correspond to the precision of the instrument (±0.5 mm). The solid
curve is a least square fit of the data and the slope gives the experimental dispersion. The dashed curve
corresponds to the dispersion given by the model at that point.
The results of the dispersion measurement in the horizontal plane are given in Figure 7.6 where
both the measured dispersion and the model dispersion curves are shown. The dispersion pattern in the
injection line depends on the initial conditions on the dispersion D0 and its derivative D′0. In theory, these
values must be zero since there is no dispersion in the linac, and the design optics was calculated with
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Figure 7.6: Horizontal dispersion measurement in the injection line: the squares are the experimental
points, the solid curve corresponds to the model dispersion with initial conditions D0 = D′0 = 0 and the
dashed curve corresponds to slightly different initial conditions.
such initial values. However, when plotting the dispersion curve corresponding to D0 = D′0 = 0 using the
optics of the measurement, the curve is consistent with the measurement points at the exception of the
beam position monitor HIE.UMA21 located at the beginning of the line. Taking into account the beam
position monitors accuracy, the discrepancy between the model and the measurement in HIE.UMA21 is
large enough to be significant. Such a discrepancy can however be explained by assuming that the initial
conditions are slightly different from the expected ones. Indeed, in the linac, the effects of quadrupole
alignment errors, dipole stray fields, or any parasitic magnetic fields on the beam are compensated by
using steering coils all along the linac to keep the beam on a straight line. The use of such dipoles creates
dispersion. Depending on the location of the dipole with respect to the beginning of the injection line, a
small dispersion value and/or a small dispersion derivative cannot be excluded, although not necessarily
measurable. As shown by the dashed line in Figure 7.6, small non-zero initial conditions are perfectly
compatible with the data. The curve reported here is just an example of the sensitivity of the injection
line optics to small initial changes. The values of D0 and D′0 that satisfy the measurement are not unique,
although they all have the same order of magnitude.
For the vertical plane, the results are shown in Figure 7.7 and the analysis leads to the same conclu-
sions, although the measurement is more difficult in that plane since the absolute values of the vertical
dispersion are much less than in the horizontal plane. When plotting the dispersion curve with zero initial
conditions, the dispersion does not agree at all with the measurement points (solid curve). Nevertheless,
by changing the initial conditions within small margins, the dispersion curve is fully reversed in sign,
and fit the data points, except for the last one (dashed curve 1). The fact that the dispersion sign can be
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changed so drastically by a small variation of the initial conditions is explained by the fact that in the
vertical plane, the two bending magnets are very weak with a deflection of the order of 10 mrad each.
The dispersion created by these bending magnets can easily be dominated by small initial values and the
evolution of the dispersion is then controlled by the quadrupoles only. This sensitivity was experimen-
tally observed during a run at high-charge, where the beam-loading generated within each pulse in the
accelerating cavities of the linac is visible on the scintillator screens located in the dispersive regions of
the injection line. In practice, the current in a steering coil at the end of the linac (WL.DQNF353) was
varied from 1 A to 0 A and the change of the dispersion at the end of the injection line (HIE.MTV30)
was clearly visible in the vertical plane, where the relative variations are more important.
Figure 7.7: Vertical dispersion measurement in the injection line: the squares are the experimental points
and the solid curve corresponds to the model dispersion with initial conditions D0 = D′0 = 0. The dashed
curve (1) is the dispersion curve with non-zero initial conditions, and the dashed curve (2) is the same
with the current in the last quadrupole HIE.QDW24 lowered by 5%.
The discrepancy between the measured and expected value of the dispersion in the last measurement
point (HIE.UMA30) is more troublesome (see dashed curve 1). Indeed, the value of the dispersion given
by the model at the end of the injection line is far from zero for any initial conditions, which should
create vertical dispersion oscillations in the ring. However, such oscillations were not observed on the
beam orbit in the ring. It is therefore likely that the vertical dispersion was close to zero at the end of
the injection line, as experimentally measured. Various scenario were studied, and it was noticed that the
dispersion and its derivative in the vertical plane at the end of the line are very sensitive to the field in
the quadrupole HIE.QDW24, whereas it has almost no influence on the horizontal dispersion which is
close to zero in this region. By lowering the current of this quadrupole in the model by 5%, the vertical
dispersion curve is unchanged at the beginning of the line, in better agreement with the last measurement
point, and consistent with the observations in the ring (see dashed curve 2). The confirmation of this
hypothesis comes from the transverse optics described in the following Section 7.3 where the change
92 CHAPTER 7. INJECTION LINE
in the current of the quadrupole HIE.QDW24 is also compatible with experimental observations. This
discrepancy between the value of the current read from the control system and the suspected real value
in the machine could have many origins, and no further enquiry was made. During operation, the op-
tics of the injection line was experimentally tuned to optimise the injection in the ring, thus leading to
small changes compared to the design optics. In that case, the model showed that the optics was quasi-
isochronous with |αc|  4×10−3, which is more than the design optics, but more than ten times lower
than the initial value of the LPI complex and still acceptable (the second order isochronicity is dominant).
7.3 Transverse Optics
No precise transverse optics measurements were performed in the injection line. However, a qualitative
comparison between the expected value of the β -function and the size of the beam visible on the TV
screens was carried out. When using the experimental set of currents for the quadrupoles and the bend-
ing magnets of the injection line and the initial conditions measured at the end of the linac, the model
predicts a vertical β -function that grows very fast at the end of the line, up to more than 1 km as shown
in Figure 7.8. On the contrary, the observation in the camera HIE.MTV30 located at the end of the line
shows a small vertical beam size (of the order of 2.5 cm, which corresponds to β = 40 m for an emit-
tance of 15 π mm mrad) not compatible with huge β values. As mentioned before in Section 7.2, a 5%
lower current in the quadrupole HIE.QDW24 could explain the vertical dispersion measurement, thus
introducing a doubt in the current value read from the control system or in the quadrupole wiring. The
transverse optics was therefore also simulated with the same 5% change in the current of the quadrupole
HIE.QDW24. The result is given in Figure 7.9, and is satisfactory since the vertical β -function is brought
back to reasonable values, compatible with the experimental observations. As for the dispersion, the
quadrupole HIE.QDW24 has a strong influence on the vertical plane optics and almost no influence in
the horizontal plane. This is explained by the fact that the vertical β -function is large at the quadrupole
location whereas the horizontal β -function is rather small, and a change in the quadrupole field therefore
influences the downstream behaviour in the vertical plane more than in the horizontal plane. The trans-
verse β -functions obtained at the end the injection line were not exactly those required by the design
optics. This discrepancy introduced a small transverse mismatch at the entrance of the ring, which was
tolerable and later corrected by a re-matching in the matching section at the end of the linac.
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Figure 7.8: Horizontal (solid line) and vertical (dashed line) β -functions in the injection line with the
nominal set of currents. This result is not compatible with the experimental observations performed in
HIE.MTV30 at s = 18.5 m.
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Figure 7.9: Horizontal (solid line) and vertical (dashed line) β -functions in the injection line with a modi-
fied current (−5%) in the quadrupole HIE.QDW24. This modification is consistent with the experimental
observations performed in HIE.MTV30 at s = 18.5 m and with the dispersion measurements.




For the CTF3 Preliminary Phase, the ring was significantly modified compared to its LPI configuration
for two main reasons. The first one was to obtain an isochronous ring, thus allowing to keep the bunch
length constant over the few turns necessary for the bunch combination. The second reason was to have
a zero dispersion in the injection and extraction straight sections, for the use of the RF deflectors at injec-
tion. In the mean time, the circumference of the ring was adjusted to a value such that the combination
factors three, four and five can be tested with a fixed circumference, by only changing the RF frequency
of the whole complex. Furthermore, the isochronous optics configuration (zero momentum compaction)
had to be easily detuned to reach a non-zero momentum compaction. This second optics was needed
to be able to capture the beam by means of the ring 19 MHz RF cavity and accumulate it over many
turns by compensating for the energy losses due to the synchrotron radiation. Accumulation is manda-
tory for some specific optics measurements and is not possible in the isochronous mode where αc = 0
prevents from using the ring RF cavity under stable conditions. And, without the energy brought by the
cavity, the beam is lost after a few thousand turns as its energy decreases because of the synchrotron
radiation losses. The ring was therefore designed to operate with two different optics: the isochronous
mode (zero momentum compaction) which is the nominal configuration used for the bunch frequency
multiplication experiment, and the accumulation mode (non-zero momentum compaction) used for op-
tics measurements in the ring. The layout of the injection region and of the first arc of the ring is sketched
in Figure 8.1.
8.1.1 Ring Circumference
The CTF3 complex has a nominal RF frequency of 2.99855 GHz, which corresponds to a wavelength
λ0 = 0.099979 m. The circumference of the former EPA ring of the LPI complex was nominally 40 π m,
as confirmed by precise measurements [21]. In terms of the wavelength λ0, it was therefore equal to
1256.9 λ0. The general relationship between the circumference C of the ring and the combination factor
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Figure 8.1: Layout of the injection region and of the first arc of the ring for the CTF3 Preliminary Phase
(top view).
Bunch combination of factor three, four or five in the ring requires circumferences of 1256.666 λ0,
1256.750 λ0 or 1256.800 λ0 respectively. To keep these three options open with the same ring layout,
an average circumference value of 1256.73 λ0 (125.647 metres) was chosen. The required reduction of
the ring circumference was thus equal to 0.17 λ0, corresponding to 17 mm. In order to switch between
the combination factors three, four or five, the RF frequency needs to be slightly moved from its nominal
value of 2.99855 GHz. The change in frequency is estimated to be ±150 kHz, and is made at the level
of the low level RF source. The bandwidth of the klystrons is wide enough to cover this range, but the
bunching system, the accelerating cavities of the linac and the RF deflectors need to be tuned by varying
their temperature by ±3◦ C. Some precise measurements performed in the linac have shown that these
changes in frequency and their follow-up in temperature are achievable with the existing hardware [21].
8.1.2 Ring Optics
The isochronous optics [63] was achieved by displacing one quadrupole family (HR.QFWb moved by
1.85 m, see Figure 8.1 on page 96) and decoupling the power supplies of the other families, thus having
six quadrupole families independently powered in the arcs. The symmetry in each of the four arcs with
respect to their centre is however abandoned. But the symmetry of the ring with respect to the centre of
each of the four straight section between the arcs is preserved. The optics limits the transverse beam size
at the RF deflector locations, as required by their small aperture (23 mm). This is done by minimising
the β values and having a zero horizontal dispersion in the deflectors. Figures 8.2 and 8.3 show the
β -functions and the dispersion in both planes in the ring for the design isochronous optics.
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Figure 8.2: Design horizontal (solid line) and vertical (dashed line) β -functions in the isochronous ring,
plotted from the injection point.




















Figure 8.3: Design horizontal (solid line) and vertical (dashed line) dispersion function in the isochronous
ring, plotted from the injection point.
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Three sextupole families are mandatory for standard chromaticity corrections and also to achieve the
isochronicity up the second order. Indeed, unlike in the injection line where the bunches go through only
once, the bunches circulate up to five turns in the ring (for a combination factor of five), and isochronicity
to the first order is not enough to preserve the bunch length. Figure 8.4 shows the variation of the path
length as a function of the momentum spread, simulated using the MAD model of the ring. It illustrates
the correction of the isochronicity up to the second order by showing a remaining third order.
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Figure 8.4: Variation of the one turn orbit length in the ring as a function of the relative momentum
spread for a zero emittance beam. The range of momentum spread covers the ring acceptance of ±1%.
The non-zero momentum compaction optics is obtained by changing the currents in the quadrupoles
to go from αc  0 for the isochronous mode to αc  3× 10−2 for the accumulation mode. This mode
allows the use of the ring 19 MHz RF cavity to capture the beam and compensate for the synchrotron
radiation losses in order to store the beam over several hours. The accumulation process relies on the
transverse damping of the beam due to synchrotron radiation, which allows to accumulate the pulses
in the RF buckets. The circulating charge in the ring can then be increased thus allowing some tune
measurements which are necessary to check the machine optics.
8.1.3 Synchrotron Radiation for Beam Diagnostics
Apart from the beam position monitors which are distributed along the ring in order to measure the
beam trajectory, the main beam diagnostic in the ring is the synchrotron light measurement using the
streak camera (see Appendix A). Some optical lines allow to transport the light emitted at the output of
three bending magnets of the third arc into the streak camera laboratory (see Figure 9.5 on page 118).
Three different light sources are therefore available in dispersive regions, with three different values of
the horizontal dispersion. The streak camera in the ring is used to observe the bunch structure in order
to characterise the isochronicity of the ring (see Section 8.3) and is also the ultimate tool to visually
demonstrate the bunch combination process (see Section 9.3).
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The uncoherent synchrotron radiation is a very useful, non-destructive diagnostic in the ring. For an











= 8.8575×10−5 mGeV3 (8.3)
where rc = 2.818×10−15 m is the classical electron radius and E0 the rest energy of the particle. For a
beam of momentum 350 MeV/c, the energy loss per turn is less than 1 keV (about 920 eV), representing
less than 0.0003% of the beam energy, and even over the five turns required for the combination of factor
five, the energy loss is negligible and the beam is not affected. In the isochronous mode, the ring RF
cavity which is used to compensate for the synchrotron radiation losses is switched off.
Making very short bunches circulate in a ring can also give rise to coherent synchrotron radiation.
This effect leads to both an average energy loss and an energy spread within the bunch itself. For a











where N is the number of electrons, Γ(x) the Euler Gamma function, γ the Lorentz factor, ρ the bending
radius (in metres) and σ the rms bunch length (in metres). For a rms bunch length of 3 ps and a beam
momentum of 350 MeV/c, this ratio leads to an energy loss per turn of 26 keV due to the coherent
synchrotron radiation. This energy loss is larger than the one resulting from the uncoherent synchrotron
radiation, but represents only 0.007% of the nominal energy for a momentum of 350 MeV/c and is
therefore also negligible.
8.2 Commissioning of the Ring in Accumulation Mode
8.2.1 Observations
The accumulation mode was the first mode to be put in operation. The first circulating beam was obtained
using axial injection, for which the kicker places the injected beam on the reference orbit. Figure 8.5
shows the beam position monitor HR.UMA91 signal during the capture process using the RF cavity. The
RF cavity has a frequency of 19.0879 MHz corresponding to a period of 52.4 ns which is one eighth
of the 420 ns time of flight for one turn of the ring. The gun delivers one pulse at the repetition rate of
50 Hz (corresponding to a period of 20 ms) and each pulse is used to fill one bucket out of a total of
eight buckets in the machine. The oscilloscope trigger was synchronised with the injection in the ring.
Before optimisation, some losses occurred over the first turns, which explains the smaller signal in the
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intermediate buckets already filled for a longer time. The RF bucket was not matched to the longitudinal
extension of the pulse which makes the pulse rotate at low frequency (synchrotron oscillation of the order
of kHz) inside each bucket, thus modulating the pick-up signal from one bucket to the other. In that axial
injection mode, the accumulation was limited by the fact that, at high repetition rate, the injection in one
bucket occurs before the transverse damping is completed. In that case, the injected beam kicks out the
circulating beam and accumulation is hardly possible.
Figure 8.5: Stored beam in the ring in the accumulation mode with axial injection in eight buckets (case
before optimisation). Each peak corresponds to a pulse in the RF bucket.
In order to allow beam accumulation, it is mandatory to move away from the axial injection to
avoid kicking the circulating beam at each injection. This is done by modifying the settings of the
kickers and of the septa to move the injection orbit away from the circulating orbit. The beam could
then be captured with an efficiency close to 95% at the first turn (given by the ratio of the intensity
signals in HIE.UMA23 located in the injection line and in HR.UMA91 located in the ring, downstream
of the injection region). Although the overall capture efficiency was rather small at the beginning, an
experimental setting was eventually found by tuning the current of two quadrupole families, which lead
to a total of 4× 1011 particles accumulated, with all eight buckets filled. Figure 8.6 shows the beam
position monitor HR.UMA91 signal during this accumulation.
8.2.2 Closed Orbit Measurements
Once the optimal accumulation setting was found, the closed orbit of the ring was measured for different
frequencies of the RF cavity of the ring. The closed orbit of the ring is the ideal (or reference) path around
which particles perform betatron oscillations. It corresponds to the trivial solutions of the transverse
equations of motion for ∆p/p = 0. When changing the beam momentum, the closed orbit is displaced
in any point of the ring by a quantity proportional to ∆p/p, the constant of proportionality being the
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Figure 8.6: Circulating beam in the ring in the accumulation mode with the maximum accumulated
current (150 mA, 4×1011 particles). The beam intensity after injection (right-hand side of the plot) and
the captured beam (left-hand side of the plot), before the next injection, are shown.









where γ is the relativistic factor, and the closed orbit is displaced in any point of the ring by the value
∆x = D∆p/p. Figure 8.7 shows an example of closed orbit difference for a change in frequency from
19.089942 MHz to 19.083229 MHz. Using the horizontal dispersion Di of the model at the location of
the beam position monitor i, the mean value of the momentum deviation ∆p/p can be calculated from










where xi is the beam position read in the beam position monitor i. This was done on orbits recorded
at different frequencies of the RF cavity in the ring. Figure 8.8 shows the calculated momentum devi-
ation as a function of the frequency change f − f0, where f0 = 19.08797 MHz is the eighth harmonic
of the new revolution frequency. If the closed orbit length corresponds to the expected frequency f0,
the graph should show ∆p/p = 0 at ∆ f = 0. Here, however, at ∆ f = 0, the momentum deviation ∆p/p
is 0.14± 0.03% (the error corresponds to the largest difference in ∆p/p obtained between consecutive
orbit measurements performed at the same frequency), which indicates that the closed orbit is shorter
than expected. The actual orbit length is calculated for ∆p/p = 0 corresponding to f = 19.08939 MHz.
This frequency corresponds to an orbit length of 125.636 m, 11 mm shorter than the design circumfer-
ence (see Section 8.1.1). On the other hand, the measurement of the orbit length using the RF deflectors
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Figure 8.7: Measured closed orbit difference in the horizontal plane for a change in frequency from
19.08994 MHz to 19.08323 MHz. The solid line shows the expected closed orbit difference obtained
from the model with the corresponding optics.
Figure 8.8: Calculated mean momentum deviation ∆p/p as a function of the frequency change. The error
bars correspond to ±0.03%, which is the largest error obtained between consecutive orbit measurements
performed at the same frequency.
in the isochronous mode gave a different result, in agreement with the design value (see Section 9.3.1),
which brings some doubts on the precision of the measurement in the accumulation mode. The closed
orbit length is closely related to the multiplication factor that can be achieved in the ring but the 10 mm
difference can anyway easily be compensated by a change in the 3 GHz frequency of the whole com-
plex, as foreseen to move from one multiplication factor to the other, and does not prevent any bunch
combination.
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and can therefore be calculated from the slope of the curve of Figure 8.8. In this case, the calculation
gives αc = 0.052, which is reasonably close to the MAD calculation which gives αc = 0.047 for the
corresponding optics.
8.2.3 Tune Measurement Methods
One of the reasons to design and use the accumulation mode was to be able to check the optics model
against tune measurements. The standard method to measure the tune in the ring consists of a transverse
feedback electrode system (see Figure 8.1 on page 96) coupled with a spectrum analyser. The beam is
excited by the electrode and the subsequent coherent betatron oscillations are observed in the frequency
domain of the spectrum analyser. Since this system has a long integration time, it can only be used with
an accumulated beam, and is therefore of no use in the isochronous mode. A new method, based on
the Fourier Transform analysis of the horizontal and vertical signals of a beam position monitor of the
ring, was tested in operation. The measurement is done over the first few hundred turns where coherent
betatron oscillations result from the residual injection errors. The main advantage of this method is that
it can be performed without storing the beam. Both methods work in the frequency domain where the




where fβ is the the frequency corresponding to the betatron oscillations, and frev = 2.386 MHz is the
revolution frequency in the ring. In the accumulation mode, where both techniques can be used, the two
methods gave very close results, with an accuracy on the non-integer part of the tune of the order of 10−2.
Figure 8.9 shows a comparison between the two methods and the model values for the measurement
of the vertical tune in the ring as a function of the current in the quadrupole family HR.QFLa. The
resolution of the tune measurement with the new method is determined by the frequency resolution in
the Fourier analysis of the beam position monitor signal. This resolution was found to be ∆ f = 0.05 MHz
in the worst case and corresponds to an error of ±0.01 in the non-integer part q of the tune. It must be
noted that, in both methods, the integer part of the tune remains unknown and that it is not possible to
distinguish between q and 1−q with only one measurement. To overcome this, the focusing properties
of the machine must be changed and the direction of the tune shift must be observed. Besides, the integer
part of the tune can be assessed with the model.
8.3 Commissioning of the Ring in Isochronous Mode
The isochronous optics is the mode required for the bunch frequency multiplication. A lot of effort
was therefore dedicated to study the optics and make sure that the model and the machine were in good
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Figure 8.9: Vertical tune measurements in the ring in accumulation mode as a function of the current in
the quadrupole family HR.QFLa. Comparison between the two methods and the model. For clarity, the
error bars on the measurement points (±0.01) are omitted.
agreement, thus ensuring the required isochronicity for the bunch combination tests. Tune measurements
were first performed to check the optics, and then streak camera measurements were done to characterise
the isochronicity. During these measurements, the injection in the ring was achieved using the standard
kickers and not the RF deflectors.
8.3.1 Tune Measurements
Tune measurements were performed around the nominal isochronous optics by changing the focusing
properties of the machine using two different quadrupole families HR.QTRa and HR.QTRb. The method
used here is the one described in Section 8.2.3, based on the Fourier analysis of the horizontal and vertical
signals of the beam position monitor HR.UMA13. Figures 8.10 and 8.11 show the comparison between
the tune given by the model and the measurements.
Figure 8.10: Horizontal (left) and vertical (right) tune measurements and model comparison as a function
of the current in the quadrupole family HR.QTRa.
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Figure 8.11: Horizontal (left) and vertical (right) tune measurements and model comparison as a function
of the current in the quadrupole family HR.QTRb.
The agreement is rather good. The MAD model shows that the tune is very sensitive to the value
of the current in the main bending magnets HR.BHZ. A variation of 0.1% in the current of the bending
magnets induces a typical variation of 0.01 in the tune. These are typical current variations due to the
precision while reading the value of the current from the control system or to possible hysteresis effects
in the main bending magnets that were not regularly cycled.
8.3.2 Streak Camera Measurements
The streak camera was used to monitor the bunches in the ring at different numbers of turns, using the
synchrotron light port MSR56 located in a dispersive region, in the fourth arc of the ring after injection
(see Figure 9.5 on page 118). With an isochronous ring, the bunch structure and the bunch length are
expected to be preserved at least for five turns to allow the bunch combination. On the contrary, with
a non-isochronous optics where αc = (∆L/L)/(∆p/p) = 0, the momentum spread inside each bunch
(resulting mainly from the RF curvature during acceleration) makes the bunch length increase turn after
turn. Figure 8.12 shows the image of the bunches in the centre of the pulse in the case of an isochronous
ring αc  0 for the first and the fifth turn. The bunch length is short and the structure is kept unchanged,
as required for the combination experiment. As a comparison, the same images were taken in the ring
in accumulation mode, with a momentum compaction factor αc = 3× 10−2 according to the model.
Figure 8.13 shows that, in that case, the structure is lost very rapidly and the bunch length grows very
fast, preventing any combination over five turns with this type of optics. This is the visual demonstration
of the necessity for an isochronous ring.
The optics can be precisely tuned very close to isochronicity by looking at the streak camera images
of the bunches after a large number of turns. The sign of the momentum compaction can also be inferred
from the streak camera images which show the time-momentum correlation introduced in the bunches by
a non-zero momentum compaction factor. Figure 8.14 shows a comparison of the streak camera images
obtained at the tenth turn with three different settings of the current in the HR.QFLa quadrupole family.
The transition between a positive momentum compaction (αp = 1× 10−3 according to the model) and
a negative momentum compaction (αp = −4× 10−3 according to the model) is clearly visible on the
bunches. The intermediate setting corresponds to the isochronous ring working point with a current of
93.5 A for the HR.QFLa quadrupole family, and a momentum compaction close to zero.
106 CHAPTER 8. RING
Figure 8.12: Streak camera images of the bunches after one turn (left) and five turns (right) in the ring in
isochronous mode (αc  0).
Figure 8.13: Streak camera images of the bunches after one turn (left) and five turns (right) in the ring in
accumulation mode (αc = 3×10−2).
In the isochronous mode, it is possible to observe the same bunch structure, with a constant bunch
length and bunch spacing over many turns, whereas in the accumulation mode, the structure is lost after
a few turns. The profiles corresponding to streak camera images are shown in Figure 8.15 for the turns
1, 5, 20 in the isochronous mode and the turns 1, 2, 5 in the accumulation mode. In this latter case, the
losses limit the light intensity in the camera, but the effect of the non-isochronicity is clearly visible: the
3 GHz time structure is lost after a few turns and the bunch length is also longer after the first turn in the
ring.
A good way to experimentally observe and qualitatively characterise the isochronicity is to look at the
evolution of the bunch spacing as a function of the number of turns. Assuming an isochronous injection
line, the bunch spacing at the injection point in the ring is given by the 3 GHz acceleration frequency and
is therefore 333 ps. However, due to the beam-loading along the pulse during acceleration in the linac,
there are bunch-to-bunch energy variations, which make the distances between the bunches decrease turn
after turn with a non-isochronous optics. For the isochronous mode, images were taken up to the 60th
turn. Figure 8.16 shows the bunch spacing as a function of the number of turns. This distance is almost
unchanged over the first 60 turns, indicating that the ring is close to isochronicity. Almost no losses
occurred during these turns, thus ensuring that the light intensity hence the resolution are constant during
the measurement. Each image was taken in the middle of the pulse, corresponding to a central energy.
For each streak camera shot, eight images are recorded and analysed. The error bars correspond to the
minimum and maximum values found over these eight images, and give an idea of the systematic errors
on the streak camera profiles.
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Figure 8.14: Transition from positive to negative momentum compaction seen on streak camera images
for different settings of the quadrupole family HR.QFLa. The images are taken during the tenth turn.
108 CHAPTER 8. RING
Figure 8.15: Comparison of bunch profiles in the ring after 1, 5 and 20 turns in the isochronous mode
(left column) and after 1, 2 and 5 turns in the accumulation mode (right column). The loss of structure is
clearly visible for the accumulation mode.
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Figure 8.16: Bunch spacing as a function of the number of turns in the isochronous ring. The two
graphs represent the same measurement with a different vertical scale. The error bars show the variations
measured over eight images in one streak camera shot.
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8.4 Extraction Line
At the opposite side of the injection region, a small ejection line allows to extract the beam from the
ring. The extraction process is done using a standard kicker-septum ejection scheme. The timing of the
extraction kicker HR.KFE11 can be varied in order to fire after a given number of turns in the ring, thus
allowing extraction. Figure 8.17 shows the signal of the beam position monitors HR.UMA11 located in
the ring and HEE.UMA04 located in the extraction line. After twelve turns in the ring, the kicker was
switched on and the beam was extracted. The extraction efficiency was close to 100%, as indicated by
the signal ratio of the beam position monitors.
Figure 8.17: Beam extraction seen in HEE.UMA04 after twelve turns in the ring visible from the signal
of HR.UMA11.
“A proof tells us where to concentrate our doubts.”
M. Kline
Part III






9.1 RF Deflectors and Combination Settings
The injection and the bunch combination with RF deflectors requires a well-defined procedure in order
to obtain correct settings. The injection and combination processes have five free parameters: the RF
phase and power in each deflector, and the RF frequency. The RF network associated with the deflecting
structures is shown in Figure 9.1. The first RF deflector seen by the beam coming from the injection
line and used for injection is called HR.SDH91, and the second deflector is called HR.SDH71. The
modulator-klystron MDK33 powers the two RF deflectors, but after the power splitter, the wave-guide
heading to the second cavity HR.SDH71 contains a phase shifter and a power attenuator. The phase and
the power in the first deflector HR.SDH91, which is used for injection, are therefore controlled by the
phase and power controls of the klystron, whereas the phase shifter and the power attenuator provide
two independent knobs allowing the control of the phase and the power in the second cavity HR.SDH71.
Tuning the power in the second cavity is necessary to obtain equal kick strengths in the two deflectors
because the length of the RF wave-guides between the modulator-klystron MDK33 and each deflector is
not the same, resulting in different power losses.
The first combination experiments were carried out using the RF deflectors described in Section 4.2.
Later, the prototypes of the deflectors for the nominal phase [55], built by INFN-Frascati, were installed
in place of the first deflectors. These deflectors have similar design and properties but benefit from a
larger iris aperture (40 mm instead of 23 mm), resulting in an easier operation and lower beam losses in
the deflector aperture. In the following, no differentiation is made between those two types of deflectors,
which gave similar results.
The procedure detailed in the following refers to a multiplication factor of four. In this case, the
procedure is simplified because after one turn, the beam arrives at the zero crossing of the deflecting field
in the second deflector and is therefore not deflected. This procedure is based on the use of only one pulse
and once it is completed, the four pulses are sent in the machine for the combination. Experimentally,
most of the operating time was dedicated to the optimisation of the combination process of factor four,
which is the nominal factor for CLIC. Once the procedure is achieved for a factor four, the transition to
the other combination factors is much simpler.



















Figure 9.1: Schematic RF network associated with the RF deflecting structures.
The procedure is the following:
• The first step is to determine the closed orbit of the isochronous ring. For that purpose, the beam
is injected using the standard kickers. After optimising the septum and the kicker settings in order
to have zero losses in the ring, the beam position is recorded in the beam position monitors of the
ring, over several turns (typically 10). A mean position is then computed for each monitor, and
this is assumed to describe the closed orbit. This technique allows to get rid of possible coherent
betatron oscillations and non-periodic dispersion components resulting from injection errors, by
averaging them out over many turns. In the end, the closed orbit is validated by observing that the
beam keeps the same position in each beam position monitor over several turns.
• The second step is to use the first RF deflector HR.SDH91 to inject the beam on the closed orbit
previously measured. The modulator is therefore switched on and the kicker is disabled. The
attenuator on the wave-guide to the second deflector is set to its maximum so that no power reaches
the second cavity HR.SDH71, and there is no kick.
– Phase in HR.SDH91: The injected beam needs the maximum kick corresponding to the crest
of the deflecting field. For a given amount of power in the deflector, the phase of the klystron
is therefore varied step by step while monitoring the horizontal beam position on the beam
position monitor HR.UMA91 located downstream of the deflecting structure. The horizontal
position of the beam describes a cosine curve corresponding to the RF field in the cavity, and
the phase corresponding to the crest is easily identifiable. Figure 9.2 shows a scan in phase
observed in the beam position monitor HR.UMA91.
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Figure 9.2: Determination of the RF phase in the injection deflector HR.SDH91 by looking at the
HR.UMA91 beam position monitor signal. The horizontal beam position is measured while chang-
ing the RF phase in the deflector by 2π . The minimum position of the beam with respect to the centre of
the vacuum chamber (x = 0) corresponds to the injected beam on the crest of the field.
– Amplitude in HR.SDH91: The amplitude of the kick must be such that the beam is injected
on the closed orbit of the ring. The power at the output of the klystron is therefore varied until
the beam passes in the beam position monitors of the ring at the same vertical and horizontal
positions as the closed orbit. Figure 9.3 shows the mean trajectory which defines the closed
orbit and the trajectory at first turn when using the RF deflector for injection. Since the kicker
and the deflector are not exactly in the same position, the phase advance between the septum
and the deflector is slightly different from the one between the septum and the kicker. The
septum settings therefore need to be changed in order to follow the closed orbit, when going
from kicker injection to deflector injection.
Figure 9.3: Closed orbit reference and first turn trajectory in the isochronous ring in both planes. The
reading in the first beam position monitor shows the beam position at injection, before the deflector kick.
– At this point, the frequency of the whole complex must be tuned to satisfy the relationship
between the ring circumference and the multiplication factor (see equation (8.1) on page 95).
This is done by looking at the second turn in the ring with only the first deflector HR.SDH91
in operation. After one turn, for a combination factor of four, the bunches must arrive in the
deflector at the zero-crossing of the RF field, such that they are not deflected. The frequency
of the whole complex is therefore tuned around the nominal frequency of 2.998550 GHz so
that after going through the active deflector HR.SDH91, the second turn orbit is the same as
at the first turn. This indicates that the frequency and the length of the orbit are correctly set
for the combination factor of four.
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At the end of this operation, the frequency of the whole complex as well as the phase and the power
in the first RF deflector HR.SDH91 (controlled by the phase and the power of the modulator-
klystron MDK33) are fixed.
• The third step is to find the phase and the amplitude in the second RF deflector HR.SDH71 in order
to have a closed bump between the deflectors.
– Phase in HR.SDH71: In the case of a multiplication factor of four, after one turn in the
ring, the injected bunches must also arrive in the second RF deflector HR.SDH71 at the zero
crossing of the RF field. The attenuator is set to its minimum so that the second deflecting
cavity is fed by the maximum available power. The phase shifter which controls the phase in
HR.SDH71 is then varied until, after one turn, the beam does not experience any deflection in
the second deflector and follows the closed orbit. A difference in the kick amplitudes of the
two deflectors is not important at this stage. On the contrary, having the maximum available
power in HR.SDH71 enhances the sensitivity to the phase.
– Amplitude in HR.SDH71: After two turns in the ring, the bunches arrive in HR.SDH71
on the crest with the opposite kick sign compared to the injection. At this point, they are
deflected by HR.SDH71 away from the septum and the injection deflector HR.SDH91 must
close the bump. The only remaining free parameter is the amplitude in HR.SDH71 which
must be varied by tuning the power attenuator at the entrance of HR.SDH71. The closed
bump is achieved when the beam follows the closed orbit in the ring (outside the injection
region) during the third turn, after the bump.
This procedure was systematically applied and gave good results. It must be noted that one or two
iterations of the procedure were necessary to achieve the best optimisation since, for instance, tuning the
frequency of the complex can induce small changes in the RF phase of the klystron, that then needs to
be optimised again. Once the procedure is over, it is possible to send in the ring the four pulses required
for the combination.
In standard operating conditions, the power required to inject the beam using the RF deflector
HR.SDH91 is about 18 MW at the output of the modulator-klystron. Taking into account the power
splitter which divides the power by a factor two, and assuming a standard attenuation of 0.02 dB/m in the
50 metre long wave-guide between the modulator-klystron MDK33 and the deflector HR.SDH91, this
corresponds to a power of 7.2 MW at the cavity input. This figure is in very good agreement with the
calculations done in Section 4.2.
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9.2 Beam Injection with one RF Deflector
Part of the previous procedure was simplified by the fact that it is possible to inject one pulse in the ring
with the first RF deflector HR.SDH91, and to leave it circulating over several turns, without combination
nor orbit bumps. This is the same type of operation as the one used during the commissioning when the
beam was injected in the isochronous ring with the standard kickers. As with the kickers, this relies on
the fact that the deflector HR.SDH91 provides a kick during a sufficiently long period to inject the 6.6 ns
long electron pulse, but that no RF power reaches the RF deflectors by the time the pulse completes its
first turn, 420 ns later, to avoid kicking the beam during the following turns. In practice, this is done
by reducing the RF pulse length coming out from the modulator-klystron MDK33 which powers the
deflectors. For the combination, the nominal RF pulse length is of the order of 2.7 µs in order to inject
and combine the five pulses spaced by 420 ns using one single RF pulse. For the injection only, the RF
pulse length is reduced to approximately 100 ns to power the deflector HR.SDH91 during the injection
of one pulse only, the phase and amplitude parameters being the same as for the combination. Figure 9.4
shows the case of an injection with the RF deflector HR.SDH91, where the beam stays in the ring for
27 turns before being ejected. The signal is very similar to the one obtained when injecting the beam
with standard kickers. In particular, once the injection is optimised, there are almost no losses. This is
the demonstration that the RF deflectors are perfectly suitable for the injection of a bunched beam into a
ring.
Figure 9.4: Beam Injection in the ring with one RF deflector. The signal of the beam position monitor
shows that the beam is injected and stays in the ring for 27 turns (before being ejected) with almost no
losses.
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9.3 Bunch Combination Experiment
9.3.1 Experimental Observations
The bunch combination was observed using the streak camera set-up which allows to observe the beam
time structure with a high resolution. The principle of a streak camera measurement is detailed in Ap-
pendix A and the synchrotron light set-up in the ring is shown in Figure 9.5. Three synchrotron light ports
(MSR52, MSR56 and MSR58) are available in the bending magnets of the fourth arc of the ring, after
the injection. These ports are located at three positions with different values of the dispersion, covering
the range from almost zero dispersion (MSR58) to the maximum absolute value of 3 m (MSR52). The
synchrotron light is emitted inside the bending magnet and heads tangentially to the beam orbit. Mov-
able mirrors are used to select the particular source to be observed. An optical arrangement transports
the light to the streak camera laboratory, located in a separated room (see Figure A.2 on page 139), aside
the ring hall.
Figure 9.5: Synchrotron light ports (MSR52, MSR56 and MSR58) in the fourth arc of the ring. The
synchrotron light is brought from the ring level to the ceiling level and transported to the streak camera
laboratory through lenses and mirrors. The lenses along the optical path are not shown.
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The experimental demonstration of the frequency multiplication was first done for a multiplication
factor of four. The charge multiplication can be observed on the beam position monitors of the ring,
as shown in Figure 9.6 where the charge in the beam position monitor HR.UMA11 increases by the
same quantity turn after turn, as a new pulse is combined. It corresponds to a case with no losses and
a 100% combination efficiency. The time resolution of the beam position monitors is not enough to
observe the combination bunch per bunch, which is done using the streak camera. Figure 9.7 shows the
streak camera pictures and the corresponding profiles of a bunch combination of factor four, observed
in the synchrotron light port MSR58. The images are taken during the fourth turn in the ring with an
intermediate sweep speed in the streak camera. They show bunches located at the centre of the 6.6 ns
pulse.
Figure 9.6: Bunch combination of factor four seen on the beam position monitor HR.UMA11 in the ring.
The charge increases of the same amount turn after turn as a new pulse is combined. After four turns,
the charge is multiplied by four.
Number of Pulses
As foreseen in Section 6.1, it was observed that the first pulse had more energy than the following ones
because of the beam-loading in the accelerating structures of the linac. To cope with this situation in
operation, the first pulse was injected in the ring by the RF deflector but immediately kicked out of the
ring by firing the kicker HR.KFI91 located right behind the deflecting cavity. This allows to get rid of the
first pulse without disturbing the following four pulses which arrive later with almost the same energy
and are used for the combination. The possibility of kicking out also the second pulse was originally
foreseen. This has been done experimentally, but it was observed that the energy difference between the
second pulse and the following ones was very small and well within the ring acceptance. Therefore, for
simplicity, only the first pulse was kicked out during standard operating conditions.
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Figure 9.7: Bunch combination of factor four: streak camera images (left column) and corresponding
intensity profiles (right column). The images are taken during the fourth turn. Each line corresponds to
one more pulse coming out of the gun, starting with one pulse (top) and ending with four pulses (bottom).
The numbers above the bunches refer to the pulse number to which they belong.
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Time Resolution of the Streak Camera Images
The variable sweep speed of the streak camera allows to observe the combination on different time scales.
Figure 9.8 shows a streak camera image and the corresponding profile after a combination of factor four
observed in the synchrotron light port MSR52. The fastest sweep speed of the streak camera is used,
which corresponds to the highest time resolution. Figure 9.9 shows a picture of a bunch combination of
factor four observed during the fourth turn in the synchrotron light port MSR52, with a low sweep speed.
This low time resolution allows to see a range in time of 1.5 ns inside the combined pulses.
Figure 9.8: Bunch combination of factor four observed with the highest time resolution.
Figure 9.9: Bunch combination of factor four observed with a low time resolution.
Light Intensity Variations
By looking at the intensity profiles of the different bunches (see Figure 9.8 for example), variations can be
observed in the light intensity received by the streak camera. These variations do not result from beam
losses during the bunch combination, since the losses were reduced to almost zero over the five turns
(seen on the beam position monitors), by optimising the RF deflectors parameters for a clean injection
and combination process. The light intensity variations have two main causes. First, subsequent bunches
belong to different pulses, and the combination process is therefore sensitive to pulse-to-pulse variations.
Indeed, it was observed that the pulser which delivers the pulses out of the gun was responsible for pulse-
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to-pulse charge, shape and length variations, in a non-systematic way. After the combination, this also
results in light intensity variations. These effects are minimum in the centre of the 6.6 ns long pulse,
where the best overlap between the combined pulses is achieved. Secondly, the horizontal and vertical
positions of the beam fluctuate in the machine if the orbits are not exactly the same at each turn. This
results in a displacement of the synchrotron light source, hence light intensity variations due to losses in
the optical lines.
Frequency Tuning and Ring Orbit Length
As seen in Section 8.1, the frequency νN of the whole complex is related to the ring orbit length C, for a








where c is the light velocity. This frequency was experimentally determined using the RF deflectors, as
described in the setting-up procedure of Section 9.1. During the experiment, the frequency was increased
to go from a combination factor four to a combination factor five. As explained in Section 4.2.2, an
increase in frequency must be followed by a decrease in the temperature of the cooling water of all the
RF structures (including the accelerating sections), to avoid perturbing their resonant properties. For a
combination factor of four, the right frequency was ν4 = 2.998585 GHz ± 10 kHz corresponding to a
ring orbit length of 125.647 m ± 0.5 mm. The error on the frequency was evaluated from the small
frequency changes made on different days while optimising the combination, for the same factor. For
a combination factor of five, the right frequency was ν5 = 2.998715 GHz ± 10 kHz corresponding to
a ring orbit length of 125.646 m ± 0.5 mm, in very good agreement with the value found with the
combination factor of four. This shows that the circumference of the ring can be determined using the
RF deflectors with a very good precision, down to the millimetre. This precision is given by the limit in
the adjustment of the phase of the RF wave, and corresponds to a phase error of 3◦ on the 3 GHz RF.
It must be noticed that this measured circumference is exactly the design value of 125.647 metres (see
Section 8.1). Nevertheless, this value of the orbit length is not compatible with the one measured when
using the ring in accumulation mode (see Section 8.2.2), which was 11 mm shorter. This difference is
not very well understood yet, but could result from the fact that the closed orbits in the two modes were
different since the optics and the settings of the corrector dipoles were not the same.
Bunch Transverse Positions on the Streak Camera Images
Figure 9.10 shows a streak camera image of a bunch combination of factor five observed during the fifth
turn in the synchrotron light port MSR56. The vertical axis of the streak camera images is the horizontal
coordinate of the bunches in the ring and is therefore related to the dispersion function (see Appendix A).
It can be noticed in Figure 9.10 that the bunches have different horizontal positions but that the bunches
belonging to the same pulse have the same position. This phenomenon has two main sources. The first
cause is the small differences in the energy of the pulses used for the combination. These pulse-to-pulse
energy variations arise during acceleration, either from the beam-loading in the linac structures, or from
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small variations in amplitude and phase along the RF pulse. These energy variations are transformed
into position variations because of the non-zero dispersion at the observation point. This was indeed
experimentally confirmed by observing different position variations depending on the synchrotron light
port used. The variations are more important in MSR52 and MSR56 where the dispersion is larger. For
instance, in MSR52 where |D|  3 m, an energy variation of ∆p/p = 0.1% corresponds approximately
to a displacement of 3 mm. The second cause is that, in some cases, the orbit is different from one
turn to the other. The horizontal position of the bunches at the observation point then varies from turn
to turn. Therefore, since different pulses reach the observation point after a different number of turns,
their bunch position appears to be different in the streak camera image. This phenomenon was observed
during the first combination experiments, before the optimisation procedure consisting in minimising the
turn-to-turn orbit differences (see Section 9.1) was systematically applied.
Figure 9.10: Bunch combination of factor five.
Bunch Length during the Combination
The apparent bunch length seen on the streak camera images depends on the aperture of the slit at
the entrance of the streak camera, and of the use or not of an optical filter, to correct the chromatic
effects of the optical lines transporting the synchrotron light to the streak camera (see Appendix A). As
an example, Figures 9.11 and 9.12 show two images of a combination of factor four taken with and
without a 500±20 nm passband filter, and observed during the fourth turn in the synchrotron light port
MSR52. When using the optical filter, the typical length measured on the streak camera profiles during
the combination is of the order of 4–5 ps rms. These values are comparable with the ones obtained at the
end of the linac, also with the optical filter (see Section 6.5.3). The same bunches observed without any
optical filter have an apparent length of 9 ps rms. The difference is mainly due to the chromatic effects
in the optical system (mirrors, lenses) transporting the synchrotron light from the synchrotron light port
to the streak camera. In any case, the precision in the bunch length measurement with the streak camera
is limited by the intrinsic resolution of the streak camera which is about 3 ps rms (see Section 6.5.3).
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Figure 9.11: Bunch combination of factor four observed through a 500 nm optical filter. The apparent
bunch length is of the order of 5.5 ps rms.
Figure 9.12: Bunch combination of factor four observed without any optical filter. The apparent bunch
length is of the order of 9 ps rms.
9.3.2 Bunch Combination Efficiency
The bunch frequency multiplication process is used in CLIC to generate a high-frequency, high-charge
drive beam suitable for power production (see Sections 1.1 and 1.2). The power transfer from the drive
beam to the main beam uses 30 GHz structures to extract the power from the drive beam. The steady
state output power P goes as the square of the 30 GHz Fourier component (in amplitude) of the drive
beam
P∝ F2 (ρ(t)) (9.2)
where ρ(t) is the charge density of the drive beam as a function of time, describing the time structure of
the bunches after the combination. Although no 30 GHz RF power is produced in the CTF3 Preliminary
Phase which is only a low-charge demonstration of the bunch frequency multiplication principle, one of
the goals of the experiment is to verify the efficiency of the bunch combination, from the point of view
of the power production. The precision in the measurement and in the control of the bunch spacing after
combination is therefore a crucial issue.
9.3. BUNCH COMBINATION EXPERIMENT 125
The distance between the bunches is closely related to the isochronicity of the ring, as described in
Section 2.2. Although the isochronicity condition simplifies to a zero momentum compaction in the case
of achromatic lattices and high-energy electrons (equation (2.51) on page 23), the most general condition



























for which the variation of the time of flight between particles vanishes. This condition includes two
integrals multiplied by the transverse conditions x0 and x′0 of the beam in the horizontal plane (in the
case of horizontal curvature only). In the case of achromatic lattices where D = D′ = 0 at the observation
point, these integrals evaluated over one turn vanish and the isochronicity is reduced to αc−1/γ2 = 0 (see
Section 2.2). In the opposite case where D = 0 and D′ = 0 at the observation point, the integrals evaluated
over one turn are not zero. The only diagnostic tool to monitor the bunch spacing is the streak camera
set-up which uses the synchrotron light emitted in bending magnets (see Figure 9.5 on page 118), where
the dispersion is different from zero. During the first combination experiments, the injection process
was not optimised, resulting in bunches oscillating around the closed orbit. The orbits were therefore
different turn after turn, which implied different conditions x0 and x′0 at the observation point for each
turn. According to equation (9.3) with non-zero integrals, the orbit variations were then transformed into
variations in the time of flight of the particles of the bunches. This delay in the time of flight was visible
in the streak camera during the combination, for which subsequent bunches travel a different number of
turns. Figure 9.13 shows a streak camera image of a bunch combination five observed during the fifth
turn in the synchrotron light port MSR56. The bunch spacing, which should be close to 67 ps is clearly
not constant at that point.
Figure 9.13: Bunch combination of factor five showing bunch spacing variations. Here, the correct bunch
spacing should be 333/5 67 ps.
Since the precision of the bunch spacing after the bunch combination is a crucial issue for the CLIC
drive beam scheme, a specific experiment was carried out to measure the bunch spacing variations and
compare them with the expectations from the model of the ring. Two pulses are injected and combined in
the ring, and the bunch spacing is observed turn after turn, from the second turn to the fifth turn. This is
first done with an optimised injection where the orbits are very similar turn after turn, according the beam
position monitors (see Figure 9.3 on page 115). In that case, the initial errors should be small, and the
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bunch spacing variations also. Then, the current in the septum magnet is changed (by 0.1%), causing an
injection mismatch with injection errors large enough to produce measurable bunch spacing variations,
according to equation (9.3). Figure 9.14 shows two streak camera images of the bunches observed during
the second and the third turn in the case of an injection mismatch. The bunch spacing indeed varies from
50 ps at the second turn to 85 ps at the third turn, whereas it should be close to 67 ps and constant for a
combination factor of five.
Figure 9.14: Turn-to-turn bunch spacing variations during the combination of two pulses with injection
errors. The bunch spacing varies from 50 ps at the second turn (left) to 85 ps at the third turn (right).
The values of the integrals in equation (9.3) are in fact two elements of the transfer matrix of the ring
evaluated at the observation point for one turn, and are therefore easily calculated. By adjusting the two
free parameters x0 and x′0 corresponding to the injection errors, it was possible to reproduce the variations
in the bunch spacing at the observation point.
Figure 9.15 shows a comparison between the measurements and the model predictions for the bunch
spacing observed in MSR52 and MSR56 for large injection errors. For each turn, 15 streak camera
images are recorded, and the error bars on the measured bunch spacing show the extreme measured
values. The solid curves are obtained when using the ring transfer matrix given by the model and the
values x0 = 0.0008, x′0 = 0.0006 which are adjusted to correspond to the measurements in MSR56. For
the same initial conditions, the model therefore predicts the bunch spacing at the location of MSR52,
showing that the mechanism leading to the variable spacing is well understood.
Figure 9.16 shows a comparison between the measurements and the model predictions for the bunch
spacing in MSR56 as a function of the number of turns in the case of small and large injection errors.
The solid curves are obtained as before with the same values of x0 and x′0 in the case of large injection
errors, and with x0 = −0.0002, x′0 = 0.0002 in the case of the optimised injection. Both cases show a
very good agreement between the model and the measurements. In addition, the optimised case shows
that it is possible to reduce the variations to very low levels (2 ps peak-to-peak, within the measurement
resolution) by minimising the injection errors, with a careful setting-up of the orbits turn by turn, as
explained in Section 9.1.
This study shows that the variations of the bunch spacing observed on the streak camera images
after the combination are understood and explained by the non-achromatic lattice at the streak camera
observation point. By definition, this effect is dependent on the observation point. In the injection (or
ejection) region of the ring, where the achromatic condition is true, the correct bunch spacing is restored
independently of the orbit errors and the efficiency of the combination is preserved, thus ensuring a better
power extraction.
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Figure 9.15: Bunch spacing variations after the combination of two pulses as a function of the number
of turns observed from the synchrotron light ports MSR52 (squares) and MSR56 (circles) in the case of
large injection errors. The solid curves correspond to the model predictions in both cases.
Figure 9.16: Bunch spacing variations after the combination of two pulses as a function of the number
of turns for large (circles) and small (squares) injection errors. The solid curves correspond to the model
predictions in both cases.
128 CHAPTER 9. BUNCH FREQUENCY MULTIPLICATION EXPERIMENT
Chapter 10
Summary and Conclusions
The bunch frequency multiplication was the main goal of the CTF3 Preliminary Phase and it was success-
fully achieved, with the demonstration of the multiplication factors four and five. This bunch combination
represents a major step for the CLIC study, and opens new prospects for potential other applications.
10.1 Summary
The design of the e+e− Compact Linear Collider (CLIC) is based on the Two-Beam Acceleration scheme,
where the 30 GHz RF power needed to accelerate the beam is extracted from a drive beam running par-
allel to the main beam. The drive beam is a low-energy electron beam composed of high-charge pulses,
each pulse being in turn composed of short electron bunches, with a high bunch repetition frequency.
The generation of the drive beam requires electron beam manipulations in order to obtain the required
high-frequency time structure. These manipulations consist mainly in combining short electron bunches
in isochronous rings, in order to increase the bunch frequency and the charge in the RF pulses. The
combination requires RF deflecting cavities, instead of standard fast kickers, to inject and combine the
electron bunches by means of a time-dependent bump of the ring orbit.
The CLIC Test Facility 3 (CTF3) aims at the demonstration of the feasibility of the CLIC drive
beam concepts with the nominal parameters. However, since the bunch frequency multiplication scheme
has never been done before, it was decided to perform a first demonstration of this type of beam ma-
nipulations at low charge, before the completion of the nominal phase of CTF3. A proof of principle
experiment, called the CTF3 Preliminary Phase, was therefore elaborated and carried out at CERN in
the former LEP pre-injector complex, which became available after the shutdown of LEP in November
2000.
The experiment consisted in combining five pulses, where the electron bunches are spaced by 10 cm
(corresponding to the 3 GHz acceleration frequency), into one pulse, where the electron bunches are
spaced by 2 cm, thus achieving a bunch frequency multiplication of factor five, and increasing the charge
per pulse by a factor five. For that purpose, five pulses are accelerated up to 350 MeV/c in a linac before
being injected by RF deflectors into a combiner ring, where the combination takes place. The use of
RF deflectors requires short bunches all along the combination process. This imposes some specific
constraints on the optics of the injection line and of the ring, which must be isochronous. The time of
flight of all electrons must indeed be the same, independently of the particle momentum, in order to
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avoid bunch lengthening during the combination process. The lattice of the existing injection line and of
the ring were therefore modified compared to their initial configuration, to make them isochronous. This
required a complete review of the linac, the injection line and the ring models, which were updated for
a better precision in the optics calculations. The principle of injection with RF deflectors also required a
good knowledge of the injection process which was studied and simulated in detail to define the injection
tolerances, on the electron bunches and on the RF deflectors. Before being installed in the ring for the
combination, the existing 3 GHz RF deflecting cavities were tested at high power, which confirmed that
they could cope with the amount of power needed for the combination experiment (about 7 MW).
After the hardware modifications which took place in 2001, a large amount of time was dedicated to
machine commissioning, where many beam measurements were performed in the linac, in the injection
line and in the ring, prior to the combination tests. The goal was to verify that the whole machine was
in accordance with its design by comparing beam measurements to theoretical expectations and simula-
tions. Particular attention was paid to the critical issues for the combination. Bunch length measurements
at the end of the linac and in the ring showed that the bunch length was of the order of 2–3 ps rms, well
below the limit of 10 ps rms for the injection using the RF deflectors. In the linac, transverse optics mea-
surements were performed and successfully compared to the new model in order to assess its reliability.
At the end of the linac, the matching section was tuned according to these transverse measurements in
order to adapt the transverse parameters to the requirements of the injection line and of the ring. Dis-
persion measurements in the injection line and in the ring helped validate the model and confirm the
isochronicity property. In the ring, two different optics were routinely used: the first one was an accumu-
lation mode which allowed to accumulate the beam over many thousand turns by means of the ring RF
cavity, and the second one was the isochronous optics for the combination. The accumulation mode was
used to validate the model of the ring by performing tune, trajectory and dispersion measurements, using
the standard kickers to inject the beam. All measurements showed a good agreement with the model of
the ring and a new method to measure the tune without accumulating the beam was also validated. The
isochronous mode was then characterised and studied. The optics was checked against the model with
tune measurements, successfully performed with the new method. The isochronicity was experimentally
observed in the ring using a streak camera set-up which collects the synchrotron light in one arc of the
ring and provide a time-resolved image of the electron bunches. The isochronous optics resulted in short
electron bunches, whose length and shape was unchanged over many turns (up to 60 turns), well beyond
the 5 turns necessary for the combination of factor five.
The first bunch frequency multiplication was done for a combination factor of four which is the
nominal factor for CLIC, and then, the multiplication factor of five was also achieved, as required in
CTF3. Moving from one combination factor to the other was easily done by changing the frequency
of the whole complex. Eventually, a lot of effort was put in the elaboration of a precise procedure to
determine the RF deflectors parameters (phase, amplitude and frequency), thus optimising the injection
process and the time-dependent bump of the orbit in the ring. This resulted in a good knowledge of the
beam orbits during the four or five turns required for the combination, and in a very clean and efficient
combination process with no losses. Two series of RF deflectors with similar properties were installed




The operation of a large scale isochronous ring proved to be feasible. It was shown that the optics of a
ring can be experimentally tuned very precisely close to isochronicity, thus allowing to keep the bunch
structure and the bunch length unchanged over many turns.
The use of an RF deflecting cavity instead of a fast kicker for injection into a ring is a novel technique
whose feasibility and reliability is now demonstrated for low-charge electron beams. The injection pro-
cess using the RF deflector showed an efficiency comparable to the one obtained with standard injection
techniques, with almost no losses at injection.
The creation of a time-dependent closed bump of the ring orbit by means of two RF deflectors is
also a new principle, on which the bunch combination process is based. The combination was achieved
with a very high efficiency and a remarkable reproducibility. Over the four or five turns required for the
process, the losses were reduced to zero after the careful determination of the RF deflector parameters.
The phase stability in the deflecting cavities was also high enough to allow constant performances. In
addition, the machine settings could be saved and re-used from one day to the other with constant and
reproducible results.
Frequency multiplication factors of four and five were successfully tested and measured, thus demon-
strating the possibility to switch from one factor to the other. Once a clean injection and combination
process is set up for a factor four, moving from one combination factor to the other only required a
quantified change of the frequency of the complex (followed by the corresponding change in the temper-
ature of the RF cavities). This was easily done, and during the last days of operation, moving from one
multiplication factor to the other only required a few minutes.
The precision of the combination was measured and studied using streak camera images of the com-
bined pulses. It was shown that the precision in the longitudinal positioning of the electron bunches was
of the order of 2–3 ps, which is a very good result.
10.3 Future Prospects
In 2007, the nominal phase of CTF3 plans to produce 30 GHz RF power at the nominal peak power and
pulse length, such that all 30 GHz components can be tested at the CLIC nominal parameters. The bunch
frequency multiplication principle will be applied in a delay loop and a new combiner ring to perform a
total bunch combination of factor 10. In the nominal phase of CTF3, new challenges arise from the use
of high-charge bunches. A new linac is necessary to keep the bunch trains stable during acceleration.
This linac will be operated in the fully-loaded mode, where the energy transfer between the RF and
the beam is optimised. During the combination, wake fields (electromagnetic interactions between the
electron bunches and the surrounding environment) in the RF deflectors could induce beam instabilities
that might have deleterious effects on the electron bunches.
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However, the experience acquired on the combination scheme during the Preliminary Phase of CTF3
will be useful at many stages of the next phase of the CTF3 project:
• As mentioned before, the injection line of the Preliminary Phase experiment was concentrating
many beam dynamics constraints (horizontal and vertical achromaticity, isochronicity, transverse
matching). Although the design perfectly covered the requirements, the commissioning and the
routine operation of the injection line was uneasy. In the nominal phase of CTF3, it is foreseen to
have the ring and the injection line in the same horizontal plane, thus avoiding vertical deflection
in the line and the related constraints in the transverse vertical plane. In addition, the isochronicity
and the transverse matching will be tuned with different quadrupoles, thus decoupling the effects
and easing the setting-up.
• In the Preliminary Phase, the possibility had been kept to have an optics allowing beam accumula-
tion to perform specific measurements (tune, closed orbit and dispersion measurements). However,
it was shown that these measurements are also possible in the isochronous mode, after the valida-
tion of new techniques. The accumulation mode and the presence of an RF cavity in the ring are
therefore not necessary for the nominal phase of CTF3.
• It was shown during the Preliminary Phase that the injection using one RF deflector powered by
a short RF pulse was possible with a very good efficiency. This was used to inject one pulse
and make it circulate over many turns in the ring, thus allowing, for instance, the closed orbit
determination in the isochronous mode. As for the Preliminary Phase, this technique will be very
helpful during the commissioning of the new ring.
• The procedure for the determination of the RF deflector settings (phase, amplitude, frequency) was
elaborated and successfully used during the Preliminary Phase. The same steps will be applied
in the new combiner ring of the nominal phase of CTF3. The procedure also emphasised specific
measurement needs, such as the knowledge of the input power in the two deflectors, or the presence
of several beam position monitors in the ring in between the two deflectors to better characterise
the orbit bump.
• The tests of the new RF deflectors with a larger aperture were also achieved with success in the
CTF3 Preliminary Phase. These deflectors will therefore be implemented in the nominal phase of
CTF3. As expected, their larger aperture helped reduce the losses to zero during the combination
process. The installation of these deflectors required small changes in the optics of the ring, result-
ing in larger β -functions in the injection region. This led to beam losses on the vacuum chamber
opposite to the septum for the combination factor of four. In operation, this was compensated by
introducing a static bump in the injection region to move the beam closer to the septum, and relax
the orbit bump in the direction opposite to the septum. In the new combiner ring, the presence of
bumpers to add a static bump to the time-dependent bump created by the RF deflectors is therefore
preferable.
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• A phase monitor [65, 66], which is a new beam diagnostic used to measure the bunch combination
and its efficiency, was also tested during the CTF3 Preliminary Phase and will be implemented in
the combiner ring of the nominal phase of CTF3.
• It was shown in the Preliminary Phase of CTF3 that the use of the synchrotron light emitted in a
dispersive region resulted in the observation of variable bunch spacings during the combination.
It was shown that the optics properties compensate for this effect in the injection and ejection
straight lines, where the achromatic condition is true. In the new combiner ring, a new location
for the main beam diagnostics used to observe the combination is therefore preferable. Transition
screens could for instance be installed in a straight section.
The studies are proceeding towards an e+e− linear collider based on CLIC technology: the Two-
Beam Acceleration concept was successfully proved and operated in the CLIC Test Facilities 1 and 2.
Within the coming years, the nominal phase of CTF3 is expected to generate the nominal CLIC drive
beam and produce 30 GHz RF power to test 30 GHz RF components. Meanwhile, the CTF3 Preliminary
Phase already added an important milestone by successfully demonstrating the feasibility of the bunch
frequency multiplication scheme by RF injection into an isochronous ring.
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In the CTF3 Preliminary Phase, the most useful beam diagnostic is the streak camera. It is used both
in the linac, where the light emitted through Transition or Cherenkov screens is brought to the streak
camera, and in the ring where the synchrotron light emitted by the electrons in the bending magnets is
sent to the streak camera to give an image of the electron bunches in the ring, and eventually observe the





























































Figure A.1: Principle of a streak camera.
The incident photons of the synchrotron light hit the photo-cathode and are converted into photoelec-
trons whose number is proportional to the intensity of the incoming light, hence to the charge per bunch.
The electrons are then accelerated and traverse the streak tube where they are deflected by a rapidly
varying electric field, called sweep. The deflection is proportional to their arrival time in the tube and
the time sequence is therefore transformed into a space sequence displayed on a phosphor screen. The
physical axis corresponding to the sweep direction can then be looked at as a time axis. At the entrance
of the streak camera, a slit is used to limit the physical extension of the beam image in the direction of the
sweep, thus improving the time resolution of the measurement. In the sweep direction, the streak camera
therefore provides a direct measurement of the time structure of the electron bunches by producing a
time-resolved image of the incident synchrotron light pulses.
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Perpendicular to the direction of the sweep, the image shows the horizontal spatial profile x⊥ of the










where xβ is the local amplitude of the betatron oscillations, Dx the horizontal dispersion, and ∆p/p the
momentum spread inside the bunch. If the observation point is located in a high-dispersion region, a first-
order development of equation (A.1) shows that the spatial profile becomes proportional to the horizontal
dispersion.
The CTF3 Preliminary Phase streak camera is in fact the former LEP streak camera [61], which
became available after the LEP shutdown. For this camera, the fast sweep (rapidly varying electric field)
can be set to 1000, 500, 250, 100 or 50 ps/mm, thus providing five different scales to observe the electron
bunches. The highest sweep speed (corresponding to the 50 ps/mm scale) was the speed routinely used
to observe the bunch structure with the best time resolution. However, the resolution of the streak camera
measurement on the time axis has inherent limitations. The two main limitations are given by the slit
aperture and the chromatic aberrations in the light optical transport lines between the synchrotron light
ports and the streak camera. By measuring the bunch length for different slit apertures, the contribution
of the slit was estimated to be of the order of 2–3 ps rms. The chromatic effects can be minimised by
using an optical filter in front of the streak camera. Among various filters, the 550 nm and 500 nm
filters (green light) gave the best chromatic corrections. In the end, the measurement on the time axis
is limited by an overall resolution of about 3 ps rms. According to the last calibration performed under
different operating conditions [61], the streak camera resolution was found to be about 2.5 ps rms, which
is consistent with the present value.
Figure A.2 shows a picture of the synchrotron light lab of the CTF3 Preliminary Phase. It is located
next to the building housing the combiner ring, and a hole in the wall allows the synchrotron light coming
from the ring to reach the streak camera. Three synchrotron light ports are available in the ring, and can
be selected with movable mirrors. The synchrotron light travels a few metres through lenses and mirrors
before reaching the streak camera. Part of the input optics is also put in the lab and visible on this picture,
as well as the shielding necessary to protect equipment and personnel from the radiations.
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Figure A.2: Picture of the CTF3 Preliminary Phase streak camera laboratory.
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Appendix B
Transfer Matrix of a Quadrupole around
an Accelerating Structure and
MAD Implementation
B.1 RF focusing
The radial electric field components in the first and last cell of accelerating structures are responsible
for the RF focusing effect. This effect is focusing at the entrance of the cavity and defocusing at the
exit, with a total focusing effect. The RF focusing is of particular concern at low energy. In MAD, it is










= − ∆E cosµ
2[E0 +∆E cosµ]L
(B.2)
where ∆E cosµ is the energy gain in the accelerating structure (µ is the phase with respect to the crest
of the RF wave), E0 the energy at the entrance of the structure and L the length of the structure. In the
MAD phase space, the corresponding 6×6 transfer matrices are therefore
F1 =





at the entrance of the section, and
F2 =

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These matrices are already implemented in the case of a pure acceleration using the LCAVITY com-
mand of MAD but they are needed in the following to compute the matrix of the quadrupole around the
accelerating section.
B.2 Transfer Matrix Calculation
The goal is to derive an analytical 6×6 first-order transfer matrix in the MAD phase space describing a
quadrupole of length L around an accelerating section of the same length by
R =





where R1(L), R2(L) and R3(L) are 2×2 transfer matrices in the MAD phase space.
The equations of motion must be solved considering the complete Lorentz force to take into account
the longitudinal acceleration [41]
˙p = qE +q(˙r×B) . (B.7)
In the following, the acceleration is uniform and the quadrupole gradient g is constant, so that
E = (0,0,α/q) , B = (gy,gx,0) (B.8)
in the coordinate system (x,y,s). For the horizontal axis, equation (B.7) can be evaluated either directly
p˙x =−qβcgx (B.9)
assuming vs  v = βc, or by expressing the time derivative of the momentum p = γm0˙r
˙p = γ˙m0˙r+ γm0¨r (B.10)








from cp˙ = ˙E/β = cα . Using s = βct to obtain the relations
x˙ = βcx′ (B.12)
x¨ = β 2c2x′′+ αγ3m0
x′ , (B.13)
APPENDIX B. QUADRUPOLE AROUND AN ACCELERATING SECTION 143
the time derivatives x˙ and x¨ are replaced by derivatives x′ and x′′ with respect to the variable s, and






βE x = 0 (B.14)














x = 0 (B.16)
where k0 is the quadrupole strength given by k0 =
qg
p0
and is by convention positive (respectively negative)
for a focusing (respectively defocusing) quadrupole in the horizontal plane. By the change of variable
u = 2η0






du ± x = 0 (B.17)
whose solution basis is formed by the Bessel’s functions of the first and second kind in zero order J0 and
Y0 in the case of a focusing quadrupole (k0 > 0), and by the modified Bessel’s functions of the first and
second kind in zero order I0 and K0 in the case of a defocusing quadrupole (k0 < 0). Solving equation
(B.17) leads to the analytical 2×2 transfer matrix (in the transverse phase space) of a quadrupole around
an accelerating section
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For a focusing quadrupole in the horizontal plane around the accelerating section, the matrix (B.6) is
composed of R1(L) = R+(L) and R2(L) = R−(L). In addition, the 2×2 matrix R3(L) is given by the first










where β and γ are the Lorentz factors, ν the acceleration frequency and the other parameters are defined
in Section B.1.
The final transfer matrix of the quadrupole around the accelerating section is given by the product
of the transfer matrix R (equation (B.6)) by the matrices F1 and F2 describing the RF focusing (equa-
tions (B.3) and (B.4))
M = F1 ·R ·F2 . (B.27)
B.3 MAD Implementation
Let’s consider an accelerating section surrounded by a quadrupole as shown schematically in Figure B.1
and also visible in Figure 3.5 on page 28. To be implemented in the code, this type of assembly must
be split into three parts: two drift sections with acceleration (ACS1 and ACS3, see Figure B.1) and a
section with a quadrupole and acceleration (quadrupole and ACS2, see Figure B.1). ACS1 and ACS3 are
described using the LCAVITY command of MAD [59] and the quadrupole with acceleration is described
through its matrix which is implemented using the MATRIX command of MAD [54]. However, matrix
elements cannot describe acceleration in a consistent way. Therefore, a zero length matrix is used for the
quadrupole and a drift with acceleration of the same length is added to describe the acceleration.






Figure B.1: Schematic layout of an accelerating section of the linac surrounded by a quadrupole. To be
implemented in the code, the structure is split into three parts (see text for details).
As a consequence, the transfer matrix of the section shown in Figure B.1 is given by the following
sequence of matrices
M = MACS3︸ ︷︷ ︸
LCAV ITY
· MACS2︸ ︷︷ ︸
LCAV ITY
· M−1ACS2 ·MQ︸ ︷︷ ︸
MAT RIX
computed o f f−line
. MACS1︸ ︷︷ ︸
LCAV ITY
. = MACS3 ·MQ ·MACS1 (B.28)
where
• MACS1 and MACS3 have the following input parameters: the drift length L1, the maximum energy
gain ∆E, the phase µ with respect to the crest of the accelerating wave and the acceleration fre-
quency ν .
• MACS2 has the following input parameters: The quadrupole length L, the maximum energy gain
∆E, the phase µ with respect to the crest of the accelerating wave and the acceleration frequency
ν .
• MQ is the matrix of the quadrupole around the accelerating section computed as described in the
previous section. The input parameters are: The quadrupole strength k0, the quadrupole length L,
the input energy E0, the maximum energy gain ∆E, the phase µ with respect to the crest of the
accelerating wave and the acceleration frequency ν .
• M−1ACS2 is the inverse matrix of MACS2.
Once computed off-line, the matrix elements of the matrix product M−1ACS2 ·MQ are implemented in MAD
using the MATRIX command as follows
MATRIX, L=0, RM(1,1)=..., ... , RM(6,6)=...
where RM(i,j) is the element in row i and column j.
Since the RF focusing is described in the same way for the quadrupole with acceleration and for the
pure acceleration, these effects compensate each others at each interface, so that the RF focusing effect
is only effective at the entrance and the exit of the whole cavity, as it is the case in the machine.
146 APPENDIX B. QUADRUPOLE AROUND AN ACCELERATING SECTION
Appendix C
Deflecting Force in a Disc-Loaded Wave
Guide
Let’s consider an electromagnetic field propagating along the z axis of a cylindrical disk-loaded waveg-
uide. The field vectors can be written in terms of their transverse (subscript t) and longitudinal (subscript
z) components
E= E(r,θ) e j(wt−β z) = (Et(r,θ)+Ez(r,θ)uz) e j(wt−β z) (C.1)
H = H(r,θ) e j(wt−β z) = (Ht(r,θ)+Hz(r,θ)uz) e j(ωt−β z) (C.2)
where r and θ are the transverse coordinates in the cylindrical system, uz is the unitary vector of the z
axis, ω is the wave pulsation, and β = ω/vφ is the wave propagation constant with vφ the phase velocity
of the wave. In the most general case, vφ = c, where c is the light velocity. These electric and magnetic
fields are solutions of Maxwell’s equations. In particular, the induction law reads
∇×E=−∂
B
∂ t =− jωµ0
H (C.3)
since B= µ0H, where µ0 is the vacuum permeability. Replacing the electric and magnetic fields by their
components, equation (C.3) leads to the relationship
∇×
[
(Et +Ezuz) e j(ωt−β z)
]
=− jωµ0(Ht +Hzuz) e j(ωt−β z) . (C.4)
By virtue of ∇× (aA) = a∇×A+∇a×A, equation (C.4) becomes





+ e j(ωt−β z)(− jβ )uz× (Et +Ezuz) =
− jωµ0(Ht +Hzuz) e j(ωt−β z) (C.6)
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and after simplification by e j(ωt−β z), equation (C.4) eventually reads
∇×Et −uz× ( jβEt +∇Ez) =− jωµ0(Ht +Hzuz) . (C.7)
Since Et and Ez only depend on the transverse coordinates, the projection of equation (C.7) in the
transverse plane reads
uz× ( jβEt +∇tEz) = jωµ0Ht . (C.8)
Multiplying vectorially this last equation byuz and applying the rulea× (b×c) = (a ·c)b− (a ·b)c with
a =b =uz andc = jβEt +∇tEz gives
βEt +µ0ω(uz× Ht) = j∇tEz (C.9)
where ∇t represents the gradient in the transverse plane.
Let’s now consider a particle of charge q moving in this circular, disk-loaded wave guide along the
z axis with a uniform velocityv = vuz. The particle will experience a deflecting force given by Lorentz
equation whose projection on the transverse plane is given by
Ft = q(Et +v×Bt)e jΦ0 (C.10)




Et + vµ0(uz× Ht)
]
e j(ωt−β z+Φ0) (C.11)










e j(ωt−β z+Φ0) . (C.12)
Assuming that the wave is synchronous and in phase with the relativistic particle leads to Φ0 = π/2,





where k =ω/c, which shows that, for a synchronous wave, the transverse deflecting force is proportional
to the transverse gradient of the electric field longitudinal component.
This implies that the design of the RF deflector must be such that the electromagnetic wave has
a longitudinal electric field whose transverse gradient is different from zero. In particular, a purely
transverse electric wave is not suitable since Ez = 0 by definition. For a purely transverse magnetic wave
(Hz = 0), the deflecting force is proportional to 1− (v/c)2 [47] and therefore vanishes for relativistic
particles with v c. It can be shown [47] that, for a guided electromagnetic wave propagating along the
z axis at a velocity c, the existence of longitudinal components Hz and Ez verifying the relationship
Z(uz×∇tHz) = ∇tEz (C.14)
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with Z =
√
µ0/ε0 the vacuum impedance (ε0 being the permitivity), is a necessary and sufficient condi-
tion to have a non-uniform longitudinal electric component, and therefore provide a transverse deflection
to a relativistic particle. These remarks explain the need for a disk-loaded wave guide as RF deflector
in which a combination of magnetic and electric fields propagating along the structure is mandatory to
have a non-zero deflecting force in the transverse plane.
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